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Carboxylesterases hydrolyze chemlcals containing such functional groups as a carboxyhc

-acid ester, amide and thioester. The liver-contains the highest carboxylesterase activity and
'expresses two major carboxylesterases HGE1 and HCE2. In. this study, we analyzed 104

individual liver-samples for the expresswn patterns of both carboxylesterases. These -
samples were divided into three age groups: adults (> 18.years of age), chlldren (0 days~
10 years)-and fetuses (82-224 gestation days). In general, the adult group expressed sig-
nificantly h1gher HCE1 and HCE2 than the child group, which expressed significantly higher
than the fetal group. The age-related expression was confirmed by RT-qPCR and Western
unmunoblottmg To determine whether the expressxon patterns reflected the hydrolytic

.- activity, liver microsomes were pooled from each group and tested for the hydrolysis of

drugs such as oseltamivir and insecticides such as deltamethrin. Consistent with the -
expression patterns, adult microsomes were ~4 times as active as child microsomes and {
10 times as active as fetal microsomes'in hydrolyzmg these chemicals. Within the same age
group, parucularly in the fetal and child. groups, a large inter-individual variability was
detected in mRNA (430-fold), protein (100-fold) and hydrolytic activity (127-fold). Carbox- '
ylesterases are recognized to play critical roles in drug metabolism and insecticide detox-
ication. The findings on the large variability among different age groups or even within the
same age group have important pharmacological and toxicological implications, particu-
larlyin relation to pharmacokinetic alterations of ester dmgs in chlldren and vulnerablhty of
fetuses and chlldren to pyrethroid insecticides.
: . © 2008 Elsewer Inc. All rights reserved.
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1. Introduction

Carboxylesterases constitute a class of enzymes that hydro-
lyze chemicals containing such functional groups as a
carboxylic acid ester, amide and thioester [1]. These enzymes
are known to play important roles in drug metabolism and
insecticide detoxication. Two major human carboxylesterases
(HCE1 and HCE2) are abundantly expressed in the liver,
whereas HCE2 is predominately expressed in the gastro-
intestinal tract [1,2]. In addition to the difference in tissue
distribution, these two enzymes differ markedly in the
hydrolysis of certain drugs. For example, HCE1, but not
HCE2, rapidly hydrolyzes the anti-influenza viral agent
oseltamivir [3,4]. In contrast, HCE2, but not HCE1, rapidly
hydrolyzes the anticancer agent irinotecan [S]. In addition to
hydrolyzing numerous compounds, carboxylesterases cata-
" lyze transesterification. In the presence of ethyl alcohol, HCE1
- effectively converts thé anti-platelet agent clopidogret (a
" methyl ester) into ethyl clopidogrel {4]. o
" The expression of carboxylesterase is altered by xenobio-
tics and pathological conditions. In human primary hepato-
cytes, therapeutic agents such as dexamethasone and
‘phencbarbital cause a slight or moderate induction of HCEL

. and HCE2 [6]. Dexamethasone and phenobarbital also alter the
" expression of rat carboxylesterases {7]. However, the pattern
of the alteration is different. Phenobarbital moderately

" induces rat carboxylesterases (hydrolase A and hydrolase B),
whereas -dexamethasone profoundly suppresses the expres-
sion of these enzymes [7]. Suppres'éion' alse occurs in human
. primary hepatocytes treated with the pro-inflammatory

cytokine interleukin-6 (IL-6), and the suppression is achieved -
by transcriptional repression [8]. More importantly, the IL-6 .

mediated suppression strongly alters cellular responsiveness
to therapeutic agents such as clopidogrel, irinotecan, and
oseltamivir [8]. Hydrolysis of clopidogrel represents inactiva-
tion. In contrast, hydrolysis of irinotecan and oseltamivir leads
to the formation of therapeutically active metabolites thus
represents activation [5,9]. S
The expre.ésion of carboxylesterases is regulated in a
_ developmental manner, and itseems likely that these enzymes
are developmentally regulated in humans as well. One to two
week old rats express no hydrolase A or B based on
immunoblotting analysis [7). Consistent with the low level
expression of carboxylesterases, the intrinsic clearance of the

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

is only ~3% of adult rats [10]. Even in 4-week-old rats, the
. intrinsic-clearance is less than half of that of adult rats [10]. In
addition, young animals are génerally much more sensitive to
pesticides such as organophosphates and pyrethroids [11-13].
Carboxylesterases are known to protect against these chemi-

cals by hydrolysis in the case of pyrethroids or scavenging -

‘mechanism in the case of organophoaphates. The develop-
mental regulation of human carboxylesterases remains to be
established. A previous report by Pope et. al. [14] observed that
_infants differ from -adults in the expréession and hydrolytic
activity of carboxylesterases, butthe difference was statistically
insignificant [14]. The Pope’s study, however, used a small
number of samples and had only five samples for each group.
" In the current study, we analyzed a total of 104 individual
liver samples for the expression patterns of HCE1 and HCE2

These samples were grduped according to age: adults (>18
years old), children {0-10) and fetuses. Multipte experimental
approaches were used including RT-qPCR, Western analysis
and enzymatic assays. The fetuses expressed lower carbox-
ylesterases than the children, and the children e_xpfessed
lower carboxylesterases than the adults. Overall, the expres-
sion of both HCE1 and HCE2 showed a large inter-individual
variability with the largest variability in the fetal group.

2. Materials and methods
2.1.  Chemicals and supplies

Acetaminophen, aSpixin, naproxen, and salicylic acid were
purchased from Sigma (St Louis, MO). Clopidogrel and
clopidogrel carboxylate were from- ChemPacific (Baltimore, -
MD). Os_eltamivir‘ and oseltamivir carboxylate were from
Toronto Research Chemicals (Canada). Deltamethrin and-
permethrin were purchased from ChemService (West Chester,
PA). Deltamethrin had a purity of 99%, and permethrin was
from a batch that contained a mixture of cis- and trans-isomers
at a ratio of 46% and 52%, respectively. TagMan probes were
from Applied Biosystems (Foster City, CA). The antibody
against glyceradehyde-3-phosphate dehydrogenase (GAPDH)
was from Abcam (Cambridge, MA). Unless otherwise specified,
all other reagents were purchased from Fisher Scientific
(Pittsburgh, PA). ‘ '

2.2. Liver RNA and microsomal samples

A total of 104 RNA sampleé were used in this study and someof =
the RNA samples were matched with microsomes. Pure RNA
samples_weré purchased from (ADMET Technologies (Dur-
ham, NC). Livér_ tissues were acquired fram the National
Disease Research Interchange (Philadelphia, PA), the Midwest .
Transplant Network (Westwood, KS), the University-of Mary-
land Brain and Tissue Bank for Developmental Disorders
(Baltimore, MD), and the University of Washington Central
Laboratory for Human Embryology (Seattle, WA). Isolation of .
total RNA from the liver tissues was described previoisly
[15,16], and the quality was detei-mined on an Experion RNA
stdSens micro fluidic chip (Bio-Rad, Hercules, CA) or by
electrophoresis. Microsomes’ of child and fetal livers were
prepared by differential centrifugation as described previously
[17]. Adult liver microsomes (individual samples) were from
CellzDirect (Pittsboro, NC) and described previously [4]. The
demographics of the RNA samples in each group ‘are
summarized in Table 1. The use of the human samples was
approved by the Institutional Review Board. '

Table 1 -~ Demographic data for RNA samples.

Group ~ n- F.. CA AA" H Others |
Fews - 48 2622 19 17 .1 5 6
Child 34 :

Coaspe” oz 8 032
Adu}t 2 14/8 . 19’ 2 K

Abbreviations: W/F: male/female; CA: Cauicasian-Atnericar; AA:
African American; H: Hispanic; Unk: unknown, -

~19-
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2.3.  Reverse transcription-quantitative polymerase chain
redction (RT-qPCR)

Total RNA (0.1 ug) was subjected to the synthesis of the first
strand cDNA in a total volume of 25 p. 1 with random primers
and M:-MLV reverse transcriptase. The reactions were con-
ducted at 25°C for 10min, 42°C for 50 min and 70°C for
10 min. The cDNAs were then diluted 6-fold and quantitative
. PCR was performed with TagMan Géne Expression Assay
(Applied Biosystems, Foster City, CA). The TagMan assay
identification numbers were: HCE1,
* (NM_001266); HCE2, Hs00187279_m1 (NM_198061); and poly-
-"merase (RNA) II, Hs01108291 _m1 (NM_000937). It should be
noted that the HCE1 probe could detect both HCE1A1 and
HCE1A2 transcripts. The PCR amplification was conducted in a
" total volume of 20 pl containing universal PCR master mixture
(10 wl), gene-specific TagMan assay mixture (1 ul), and cDNA
template (3 nl). The cycling profile was 50 °C for 2 min, 95 °C for

10 min, followéd by 40 cycles of 15 s at 95 °C and 1 min at 60 °c,

.as recommended by the manufacturer. Amplification and
quantification were done with the Applied Biosystems 7900HT
Real-Time PCR System. All'samples' were analyzed in triplicate
and the signals: were normalized to polymerase (RNA) II {18]

‘and -then expressed as relaIJve levels of mRNA among all

samples.
24 Western analysis

‘Microsomal proteins (1.5 pg) were resolved by 7.5% SDS-PAGE

in a mini-gel apparatus and transferred electrophoretically to -

nitrocellulose membranes. - After non-specific binding sites
. were blocked with 5% non-fat milk, the blots were incubated
" with an antibody against HCE1, HCE2 and GAPDH, respec-

" tively. The preparation of the antibodies against HCE1 and

HCE2 was described elsewhere [6]. The primary antibodies
were subsequently localized with goat anti-rabbit IgG con-
jugated with horseradish peroxidasé, and horseradish perox-
. idase activity was detected with a chemiluminescent kit
" {SuperSignal West Pico). The chemiluminescent signals were
captured by a KODAK Image Station 2000 and the relative
intensities were quanuﬁed by the KODAK 1D Image Analysis
" Software.
2.5.  Enzymatic assays

All enzymatic assays were carried out at37 °Cin a total volume
of 100 ul. Pilot studies were performed to determine condi-’

" tions (e.g., protein concentrations) to maintain’ the metabo- -

- lism in the linear range. Generally, microsomes (20-80 pg
‘protein) were prepared in 50 gl incubation buffer (phosphate

buffer, 100 mM, pH 7.4; or Tris-HCl, 50 mM, pH 7.4)-and then

. mixed with an equal volume of substrate solution (the same
buffer). Hydrolysis of aspirin was performed in phosphate
buffer; whereas hydrolysis of oseltamivir, deltamethrin and
permethrin was carried out in Tris-HCI buffer. Aspirin was
assayed at 1 mM, oseltamivir at 200 M, both deltamethrin
and permethrin at 100 uM. The incubations lasted for 10-

60 min depending on a substrate, and the reactions were .

terminated with 150 pl of acetonitrile containing an internal
standard (IS): acetaminophen (750 ng/ml) for aspirin, clopido-

Hs00275607_m1 .

grel carboxylate (SO ng/ml) for 6éélianii;ff, napronex (4pg/ml) o

for deltamethrin and clopidogrel (33 ug/ml) for permethrin.

The reaction mixtures were subjected to centrifugation for ’

15 min at 4 °C (15,000 g). Hydrolysis of aspirin and oseltamivir
was previously reported {3,4]. It should be noted that various -
controls were performed such as Omin incubation and.
incubation without microsomes.

2.6.  Monitoring of hydrolysis by HPLC or LC-MS/MS

The hydrolysis bf aspirin or pyrethroids was'separated by .

"high-performance liquid chromatography (HPLC) (Hitachi .

LaChrom  Elite-300) with a Chromolith SpeedROD column -
RP-18e (Merck, Germany). The supernatants (10-30 ul) of the

_ reaction mixtures were injected and separated by an isocratic

for aspirin or gradient mobile phase for deltamethrin and
permethrin. The isocratic mobile phase consisted of 12%
methanol and 0.25% acetate acid at pH 3.9 [4].. The gradient -
mobile phase consisted of acetonitrile and 0.01% formie acid.

~ The gljadientwas run at 20-50% acetonitrile (v/v) for 6 min, 50~

80% for 3'min followed by 80-20% for 6 min. Both mobile
phases were run at a flow rate of 2 ml/min. For aspirin, the
formation of hydrolytic metabelite was monitored, whereas

_ for deltamethrin and perméthrin the disappearance of parent

" m/z:

compounds was monitored by a diode array detector at
230 nm. All quantifications were performed using peak area
ratios and calibration curves generated from the internal
control. The calibration curve ranged from 2 to 300 wg/mL with

_good linearity for salicylic acid, 0.8-160 pg/mL for deltame-.

thrin, and 0.6-120 pg/mL for permethrin,

The hydrolysis of oseltamivir was monitored by LC—MS/MS
system (APl 3200) as described previously [3]. Briefly, the
supernatants of the incubation mixtures were separated’
isocratically using a mobile phase composition of 70:30% (v/
v) acetonitrile: 0.05% (v/v) formic acid in deionized water
maintained at a flow rate of 0.25 ml/min with a total run time -
of 6.0 min. Detection of the analytes was performedin positive
ion mode using the mass transitions of m/z: 313.3 — 166.1 for
oseltamivir, m/z: 285.2 — 138.0 for oseltamivir carboxylate and-
308.2 —152.0 for IS. Flow. injection analysis was
performed at a flow rate of 20 wl/min to obtain optimum
source parameters. The following compound parameters were -

- used for oseltamivir, oseltamivir carboxylate and IS, respec- -

tively. Declustering potential: +5, +5 and +30V, focusirg

potential: +360 V each, entrance potential: +8 V each, collision

cell entrance potential: +20V each, collision energy: +25, +25
and +30V and coilision cell exit potential: +7 V each. The’
optimum source paratrieters that gave the highest oseltamivir
intensity were Curtain gas: 10 psi, collision gas: 4 psi, ion spray

- voltage: +5500 V, temperature: 450 °C, ion source gas1: 25 psi

and ion source gas2: 85psi. Integration of the peaks was
performed by manual baseline adjustment using the ANA-
LYST SP version 1.2 software (Applied Biosystems). All

_quantifications were performed using peak area ratios and

calibration curves consisted of oseltamivir or oseltamivir
carboxylate to clopidogrel carboxylic acid concentration ratios
plotted against the oseltamivir or oseltamivir carboxylate to

clopidogrel carboxylic acid peak area ratios. The calibration

curve ranged from 1 to 250 ng/mL with good linearity for
oseltamivir and 4 to 1000 ng/mL for oseltamivir carboxylate.

...20_
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The calibration curves were constructed with 1/x* weighting
and the regression coefficients were greater than 0.99.

2.7. ' Other analyses

Protein’ concentrations were’ determined with BCA assay
(Pierce) based on bovine serum albumin standard. Data are
presented as mean £ 5.D. All enzymatic assays were repeated
three times with the same microsomal preparation. Statistical
tests were performed to compare means (Student's t-test) or
correlations (Spearman). In all cases, significant differences

- were assumed when p-values were less than 0.05.

3.  Results
3.1 Ontogenic expression of human carboxylesterases

HCE?1 and HCE2 by RF-qPCR

_In this study, we first evaluated the expression patterns of
human carboxylesterases HCEl and HCE2 in various age
groups. A total of 104 RNA samples were analyzed including 48 -

samples from fetuses (82-224 gestation days), 34 fromchildren

(0 days-10 years of age) and 22 from adults (>18). The levels of
'HCE?1 and HCE2 mRNA were determined with RT-gPCR, and
the results are summarized in Fig. 1 and Table 2. Overall, the
* adult group had the highest levels of HCE1 and HCE2 mRNA,
and the fetal group had the lowest levels for both enzymes.
Based on the values of the nieans, the adult group expressed
'HCE1 at levels 319-fold higher than the fetal group, and ~50% -

higher than the child group (Fig. 1 and Table 7). Likewise, the

‘adult group expressed HCE2 at levels 55-fold higher than the
fetal group and ~40% higher than the child group. In all cases,
the differences among various age groups were statistically
significant (Fig. 1). It should be noted that two different sets of -
¥ ‘axial values were used in Fig. 1 to accommodate the large
. difference in the mRNA levels between the fetal and the other

‘two groups. '

_. - In addition to the large difference among various age’
groups (inter-group), a large inter-individual variability was
detected within a group. The fetal group, for example, showed
a-431-fold difference (ratio between the maximum and the

- minimum) in HCE1 mRNA with-a coefficient of variation (CV)
of as high as 172% (Table 2). The child and adult groups, on the

other hand, varied léss in HCE1 mRNA with a 218- and 12-fold -

" difference, respectively (Table 2). Similarly, the levels of HGE2
mMRNA varied in all age groups, however, the overall variability
- was much less than HCE1 mRNA. The variation in HCE2 mRNA

HCE1
(A) 90 - - 1800
*k T

3
: 2
E] >
2 5
£ 8
s =3
g 2
€ 3
Q
E
[

Fetus 0-10 Aduit

8) HCE2

28 — 140

L ** Ll

24 . » '|' 120 3
5 204 ~ 100
) i =)
€ 161 | 80 B
< =
z ] . 60 T
% 12 né-,

8 L 40 5

i EA
44 | 20 &
0 -0

Fetus = 0-10 Adult

Fig. 1 - Levels of HCE1 and HCE 2 mRNA in the adulg, child
and fetal groups. Total RNAs were subjected to RT-qPCR
analysis for the level of HCE1 mRNA (A) and HCE2 mRNA
(B) by Tagman probes as described in Section 2. The adult
group contained 22 samples, the child group contained 34
samples and the fetal group contained 48 samp\es. The
signals from each target were normalized based on the
signal from Polll and expressed as relative levels. among
all samples. The data are presented as mean * s.D. ()
Statistical significance at p < 0.05, (™) statistical
significance at p <0.001.

was the same in the fetal and child‘ groups and higher than '
that in the adult group (21- versus 4-fold) (Table 2).

~ We next examined whether the expression of carboxyles-
terases is age-related within a group. The levels of mRNA were
plotted against age or gestation days; and the correlation
coefficients were computed. The adult group showed no clear
correlation for either HCE1 or HCE2 (data not shown). In the
fetal samples, the level of HCE2 but not HCE1 mRNA was’

M Table 2 - Relative mRNA levels

of carboxylesterases
S M _‘Maximum

HCE1 and HCE2 in fetuses

hildren (0-10 years old) and adults (>18).

.8,

48 - _
‘34 - 2657.97
22 22550 . . -2659.61 -1
' .48 gl LT T4
Child-HCE2 - 34 700 14878
Adife-HCEZ 2. '

39:89 . 16866

ERE

i L x

105859 . 64452 .61
S i3 . 136 ;O
| 65:82 3490 © . 5%

¢ ia9s7

 Abbreviations: S.D:: standard deviation; CV: coefficient of variation: R
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Fig. 2 —Age-related expression of HCE1 and HCE2. The data from Fig. 1 were plotted against age with SPSS version 16. (A) *

. Cortelétmn of HCE1 mRNA ‘with gestation days.' (B) Correlation of HCE2 mRNA with gestation days. (C) Correlation of HCE1
mRNA with age in the child group (0-10 years old). (D) Correlation of HCE2 mRNA with age in the child group (0-10 years
old). (E) Correlation of HCE1 mRNA with age in the sub-child group (0—1-year-old) (F) Correlatlon of HCE2 mRNA with age in

~ the sub-chlld gtoup (0—1-year-old), (‘) smusncal sngmﬁcance {p <0. 05) '

~ significantly correlated with age (Fig. 2A and B)I.-In contrast, the
child group showed better correlation with age-on HCE1 than
HCE2 mRNA, although neither correlation reached the level of

 statistical significance’ (Fig. 2C and D). To gain additional -
” information -on age-related expression, correlation analysis

‘wasperformed on the samples from donors under one year. old

(0-1 year). In this sub-group, much improved correlation was
observed on both HCE1 and HCE2 with a p-value of 0. 004 and
0.111, respectively (Fig. 2E and F).

3.2.  Inter-individual variability in carboxylesterase
proteins and oseltamivir hydrolysis in the child group

We next examined whether the levels. of carboxylesterase
" mRNA reflected the levels of corresponding proteins. RNA-

microsome matched samples' from 11 available pediatric-aged
subjects were evaluated. Fetal matched samples were not

tested because of low mRNA expression and low activities
“towards marker substrates (described below). No RNA-micro-

some matched samples were available for the adult group. The
microsomal samples were first analyzed by Western immu-

" noblotting ‘with antibody against HCE1 or HCE2, and the

1mmunosta1mng intensities were quantified by the KODAK 1D
Image Analysis Software. As shown in Fig 3A, all samples
contained HCE1 and HCE2 proteins, but the relative abun-

" dance varied markedly. In particular, one donor (lane 6) - -

showed extremely low levels of both carboxylesterases .
{Fig. 3A). Based on the immunostaining intensities, HCE1
protein varied by ~100-fold, and HCE2 protein varied by ~20-
fold. The inter-individual variability, however, was decreased

-22-.
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Fig. 3 - Individual variation of HCE1 and HCE2 proteins.and oseltamivir hydrdlyéis in the child group. (A) Western analyses. .
Microsomes (1.5 p.g) were resolved by 7.5% SDS-PAGE and transferred electrophoretically to nitrocellulose menibranes. The
" -blots were incubated with an antibody against HCE1, HCE2 ‘or GAPDH and chemiluminescent substrate. The signal was
captured by a KODAK Image Station 2000 and the relative intensities were quantified by the KODAK 1D Image Analysis
Software. (B) Correlation analyses. The immunointensities of HCE1 and HCE2 were piotted against the levels of respective
mRNA. The correlation coefficients and evaluations on statistical significance were performed with SPSS version 16..()
Statistical significant (p <0.001). (C) Oseltamivir hydrolysis by individual liver samples of the child group. Microsomes (20 j.g)
-were incubated with oseltamivir (200 pM) at 37 °C for 10 min, and the formation of oseltamivir carboxylate was detected by

LC-MS/MS. Data were assembled from three independerit experiments with two injections of each experiment.

) to ~8-fold for both carboxylester’asés when the data-point
(lane 6) was eliminated. For both HCE1 and HCE2, the mRNA

levels were correlated significantly with the levels of respec-

tive protéins (p < 0.001) (Fig. 3B). The HCE1 matched samples
had a correlation coefficient of 0.9047, and the HCE2 matched
samples had a slightly lower correlation coefficient (0.8471)
(Fig.38). . A L
The large individual variability in carboxylesterase protein
pointed to the possibility of marked differences in the

" metabolism of therapeutic agents and other xenobiotics. To
directly test this possibility, the anti-influenza viral agent

oseltamivir (an ester prodrug) was incubated with individual
donor samples (Fig. 3A), and the hydrolysis was monitored. As
shown in Fig. 3C, all samples hydrolyzed this anti-viral agent,
and the overall hydrolysis varied by 127-fold. Such a large
_ inter-individual variability was in agreement with the varia-
tion in the abundance of HCE1 (Fig. 3A), which has been shown

--to catalyze the hydrolysis -of oseltamivir: {3). -As-expected, .. - .

sample 6 (lane 6) contained the lowest HCE1 protein and
showed the lowest hydrolytic activity toward oseltamivir.
Conversely, sample 7 (lane 7) contained-the highest level of "
HCE1 protein and was the most active toward this anti-viral

~23-
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immunostaining intensities were. quantified by the KODAK 1D Image Analysis Software. (B) Hydrolysis of oseltamivir by
- pooled microsomes. Microsomes: (20 pg) from various age groups were incubated with oseltamivir (200 M) at 37 °C for
10 min, and the formation of oseltamivir carboxylate was detected by LG-MS/MS. (C) Hydrolysis of aspirin by pooled _
microsomes. Microsomes (80 pug) from various age groups were incubated with aspirin (1 mM) at 37 °C for 60 min, and the °
formation of salicylic acid was detected by HPLC. (D and E) Hydrolysis of permethrin by pooled microsomes. Microsomes (50 pg)
from various.age groups were incubated with permethrin (100 pM) at 37 °C for 60 min, and the disappearance of the parent -
‘compounds was detected by HPLC. Permethrin contained a mixture of cis- and trans-isomers at a ratio of 46 and 52%,
respectively with the cis-form having a retention tinie.of 10.41 and the trans-form of 10.18. (F) Hydrolysis of deltamethrin by
pooled microsomes. Microsomes (50 pg) from various age groups were incubated with deltamethrin (100 M) at 37 °C for -
60'min, and the dxsappearance of the parent compound was detected by ‘HPLC. Data were assembled from three - ’
mdependent experiments with each expenment havmg two m)ectlons. )

agent (Fig. 3A and C). The hydrolysis of oseltamivir among

these individual samples was highly correlated with the

. protem level of HCE1 with a correlation coefficient of 0.9373,
"although samples 8.and 10 exhibited relatively lower hydro-

Q).

43.‘3., vadrolysis of drugs and insecticides by liver
microsomes of fetuses, children and adults

"We next extended the metabolism study to include the ant-

inflammatory agent aspirin, and insecticides permethrin (cis- B

‘and trans-) and deltamethrin. In addition to their pharmaco-
logical and toxicological implication, these chemicals were

lysis compared with their relauvely HCE1 contents (Fig. 3Aand .

chosen because they are hydrolyzed in an 1sofom:i-speciﬁc
manner. Oseltamivir and deltamethrin are predominately
hydrolyzed by HCE1 [3,19,20}, whereas aspirin is predomi-
nately hydrolyzed by HGE2 [4]. The cis-form of permethrin is
favorably ‘hydrolyzed by HCE2, whereas the trans-form is

- comparably hydrolyzed by both forms. The extended meta- -
. bolism study was performed with microsomes pooled from

various age groups, and the microsomes .were so pooled by

_ mixing equal amount from all individuals in an age group. The
pooled samples enabled comparison to be madeonthe overall _.
. hydrolysis of these chemicals among different age groups. -

~ We first determined the levels of HCE1 and HCE? in the
pooled samples by Western immunoblotting. Based.on the
immunostaining intensities, the child group expressed ~25%
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of carboxylesterases (both HCE1 and HCE2) of the adult group
and the fetal group expressed less than 10% of the adult group
(Fig. 4A). Overall, the magnitude of hydrolysis of these
-chemicals was correlated well with the relative levels of
carboxylesterases in these samples (Fig. 4B-F). The ‘adult
pooled sample showed the highest activity toward all
chemicals and the fetal pooled samples showed the lowest
dctivity. Hydrolysis of aspirin and trans-permethrin (Per-1) by
the samples pooled from the fetuses and children was slightly
higher than that predicted according to their relative
abundance of carboxylesterases. For example, the fetal
sample contained less than 10% of carboxylesterases of the
adult sample but showed 25% of aspirin hydrolysis (Fig. 4A and

C). Conversely, the hydrolysis of oseltamivir, cis-permethrin ’

" and deltamethrin by the fetal group was less than 10% of the
adult group. The precise mechanism on these discrepancies

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

predicted hydrolysis, in the case of aspirin, was likely due to
" hydrolysis by other enzymes (hxghly expressed in the fetal

liver) or due to polymorphic variants. In support of these
~ possibilites, butyrylcholinesterase has been shown to hydro-

- lyze aspirin [21], and certain polymorphic variants of HCE2
were found to differ from the wild-type enzyme in hydrolyzing
this anti-platelet agent {4]. In addition, the liver expresses a
third carboxylesterase {22], but it remains to be determined
-‘whether this carboxylesterase hydrolyzes these compounds
(1 e., aspirin and trans-permethrin) and whether the expres-
sion of this carboxylesterase is developmentally regulated

. 4.  Discussion

Carboxylesterases constitute a class of hydrolytic enzymes

that play 1mportant roles in the metabolism of therapeutic.

-agents and detoxication of insecticides [1] In this study, we
analyzed a large number of individual liver samples for the
" expression patterns of HCE1 and HCE2, two human carbox-
- ylesterases. predominately expressed in the liver. Overall, the
" adult group expressed significantly higher HCE1 and HCE2
_than the child group or the fetal group. The age-related
expression was confirmed on the levels of both mRNA and
protein. In agreement with the expression patterns, the adult
microsomes were approximately 4 times as active as the child
" microsomes and more than 10 times as active as the fetal
_microsomes in hydrolyzing a group of therapeutic agents and
insecticides. Even within the same aée group, a large inter-
" individual variability was detected in mRNA and protein levels
as well as hydrolytic activity. ’

Although both HCE1 and HCE2 exhibited a similar expres- .

" sion pattern among the various age groups, there were several
major differences. First, HCE1 exhibited much greater inter-
group and inter-individual variability than HCE2. For example,
based on the values of the means, the adult group displayed a
319-fold higher level in HCE1 mRNA compared with the fetal

. group. in contrast, these two groups showed only a 55- fold
. difference in the level of HCE2 mRNA (Fig. 1 and Table 2).
Likewise, the adult group showed a 430-fold mter-mdlvxdual
variability in HCE1 mRNA (ratio between maximurm over
minimum), in contrast, only a 21-fold difference in HCE2

mRNA was detected in the same group (Table 2). Second, HCE1

. displayed better age-related expression than HCE2 in the child

group with correlation coefficients of 0.3138 and 0.1058,
respectively (Fig. 2C and D). In contrast, HCE2 displayed better
correlation in the fetal group with correlation coefficients of
0.4362 and 0.1136, respectively (Fig. 2A and B).

The large inter-individual variability, particularly in the
fetal and children groups, was likely an outcome coordinated
by multiple mechanisms. In this study, we have shown that
the adult group expressed the highest levels of HCE1 and HCE2
followed by the child group, and the fetal group expressed the
lowest levels of both enzymes (Fig. 1 and Table 2). Such age-
related expression patterns were confirmed by RT-qPCR and
Western analyses (Figs. 1, 3 and 4) and established that
developmental regulation is involved in the expression of
HCE1 and HCE2. However, the correlation with age in many
cases was only moderate at the most and did not reach the

Tevels of statistical significance (Fig. 2C and F). Although the

precise mechanisms remain to be determined, the lack of
strong correlation with age in these groups was likely due to
complicated factors such as the administration of therapeutic
agents and disease conditions. We have previously reported
that pathological condition and therapeutic agents markedly -
altered the expression-of HCE1 and HCE2 [6,8]. Interleukin-6, a
cytokine usually elevated during inflammation, profoundly

.suppressed the expressmn of both HCE1l and HCE2 (8).

Consistent with the suppression of carboxylesterases by
cytokines, patients with elevated cytokine conditions such

" as liver cirrhosis had much lower capacity of hydrolyzing ester

‘drugs such ds. perindopril, a non- -sulphydryl angiotensin
converting enzymie inhibitor (23, 24).

The significantly lower level of HCE1 in the child group,
compared with the adult group, provides a molecular
explanation to the large pharmacokmeuc difference - in

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

‘sample pooled from the children was only ~15% as active as
the sample pooled from the adults in hydrolyzing oseltamivir

‘(Fig. 4C). Consistent with the in vitro metabolism, children

under 12.years old reportedly produced only approximately
half of the hydrolytic metabolite produced by adults [25].

Apparently the low level productlon of oseltamivir.carboxylate. . .". »

in children was likely due to ineffective hydrolysis of the
parent drug and higher clearance of the metabohte Further- |
more, we have shown that individual samples in the child

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

(Fig. 4A). Pharmacokinetic studies in children, however, did
not detect such a large’ inter-individual variation in the
production of hydrolytic metabolite of oseltamivir [25,26}.
One explanation is that the frequency with an extremely low
expression level of HCEl israre in the general population, and
the pharmacokinetic studies were performed in 24 or fewer
children (25,26]. Indeed, there was a reported rare case that an

- adult patient with diabetes mellitus had only 1-2% capacity of

normal people in hydrolyzing clopidogrel based on the values -

" of the means and standard deviations [27]. Like oseltamivir,

clopidogrel is a substrate of HCE1 {3]. Ineffective hydrolysis of
oseltamivir, on the other hand, likely leads to increased
concentration in the brain. Some patients taking oseltamivir
reportedly developed neurobehavioral changes [28], although
a direct link remains to be established between the developed
neurotoxiciy and the use of oseltamivir.
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In contrast to oseltamivir, pyrethroids have long been -

recognized to exert neurotoxicity [29]. As a class of the most
used insecticides in the world, both the general population

and workers have a high risk to be exposed to these

" insecticides. Epidemiological studies have shown that the
exposure level, in some cases, can be high [30,31]. Pyrethroid
insecticides are generally considered safe to mammals,
because they are rapidly eliminated by carboxylesterases.
In this study, we have shown that the fetuses and children
hydrolyzed pyrethroids at a rate of only ~20% or lower of the
adults (Fig. 4D-F), suggesting their vulnerability to pyre-
throids-induced toxicity. In support of this notion, neonatal

rats were reportedly 17 times as sensitive as adult rats to

~cypermethrin [12]. Neurotoxicity induced by pyrethrmds

* appears to cause irreversible damage. Prenatal exposure ‘to
deltamethrin, for example, led to a deficit in locomoter
activity of offspring post-natally at 9 weeks [32): In humans,
‘micromolar concentrations were reported in the meconium

. [33]. This is particularly of relevance as fetuses have only
limited -capacity of hydrolytic'detoxication as de'scribe'd in
this report. ,

*. In summary, our work points to several important
conclusions.. First, the expressioni of both HCE1 and HC_:EZ
increases with age, establishing that their ' expression is
developmentally regulated and that fetuses and children

" ‘generally have lower capacity of hydrolytic metabolism than ° ..

“adults. Second, there is a large inter-individual variability in
the expression of these enzymes, particularly in the fetal and
child groups. It is likely that the expreséion of HCE1 and HCE2
in these age-groups is subjected to non-developmental

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

-~Carboxylesterases are recognized to play important roles in
drugmetabolism and insecticide detoxication. The findingson
the large variability among different age groups or éven within
the. same age group have impbrtant pharmacological and

* toxicological implications, particularly in relation to altered

phé‘rmacokineﬁcs of ester drugs in children and vulnerability

* of fetuses and children to insecticides such as pyrethroids.
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Oseltamivir (Tamﬂu’), a neuraminidase inhibitor, is effective for treating both seasonal flu'and H5N1
influenza A virus infection. Oseltamivir is generaily well tolerated, and its most.common adverse effects
are nausea and vomiting. However, neuropsychiamc behaviors including jumping and €alling from bal-
conies by young patients being treated by oseltamivir- have been reported from Japan; this has led to
warnings against its prescribing by inany authorities. The pharmacological mecharism of the neuropsy-
chiatric effects of oseltamivir remains unclear. Many studies reported that changes in neurotmnsmmssnon
and abnormal behaviors are closely related. We investigated the changes in dopamine and serotonin
metabolism after systemic administration of oseltamivir in the medial prefrontal cortex (mPFC) of rats
by using microdialysis. After systemic administration of oseltamivir (25'mg/kg or 100 mg/kg; intraperi-
toneally (i.p.}), extracellular dopamine in the mPFCwas significantly increased as compared to thie control
values; 3,4-dihydroxyphenylacetic acid and homovanillic acid, the metabolites of dopamiine, had also
increased significantly. Serotonin was unchanged after the administration of oseltamivir. These findings
suggest that oseltamivir increased doparmiine rélease in the mPFC; further, they suggest that the increase

_in dopamine during oseltamivir treatment rmay. have caused abnormal behaviors in young patients. In

cases where oseltamwnr is prescnbed to children, close observation is required.

©2008 Elsevier, freland Ltd. All rights reserved.

Influenza virus infection is a significant public health concern.
Vaccination and antiviral drugs are effective in providing pro-
tection againist the influenza virus. Oseltamivir (Tamiflu®) and
zanamivir are neuraminidasé inhibitors that prevent influenza
“virus replication {1,9]. Oseltamivir is the prodrug of Ro 64-0802,

. which- is a known influenza virus neuraminidase inhibitor, and

" opseltamivir is effective when administered orally [5). Many clinical

studies have reported the efficacy of oseltamivir as treatment for
_ influenza [2,12}. Moreover, since oseltamivir is expected to be effec-
" - tive for the clinical management of the highly pathogenic H5N1
influenza A viruses, several countries are stockpiling oseltamivir
16.7]. Oseltamivir is generally well tolerated; the most common
adverse effects observed in clinical studies were nausea and vom-
iting [5.12). However, abnormal behaviors such as jumping or
falling from balconies by adolescents during oseltamivir treat-
ment were reported from Japan, foliowing which the Japanese

+ Corrésponding author at: Departiment of Hospital Pharmacy, Jichi Medical Uni-
versity, 3311 Yakushiji, Shimotsuke-shi, Tochigi’ 329-0498 Japan.
Te).: +83 285 58 7188; fax: +81 285 44 8243.
E-mail address: yoshino@jichi.acjp (T. Yoshino).

0364—3940/3 - see front matter © 2008 Elsevier lreland Ltd. All rights reserved.
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authorities advised against prescribing oseltamivir to 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 abnermal behavior throughout the treatment period.
The pharmacologxcal mechanism of the neuropsychiatric effects
of oseltamivir remains unclear.- However, the abnormal behav-
jors observed during-oseltamivir administration resemble those -
induced by psychoactive drugs {3.8] such as amphetamines that
influence monoamine metabolism in the brain. However, nochange

-in monoamine metabolism in the brain during oseltamiviradmin-

istration bas been revealed thus far. Therefore, in the present study,
we evaluated the effect of oseltamivir on dopamine (DA) and sero-
tonin (5-HT) metabolism in the medial prefrontal cortex (mPFC) of
rat by using microdialysis.

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

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

mal Investigation Committee of Jichi Medical University and were
in strict accordance with the National Institute for Health (NIH)
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 pentobarbital (50mglkg.
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 burr hole

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

lose dialysis tubing (length, 1.0mm; internal diameter, 016 mm;

molecular weight cutoff, 50,000; Eicom Co. Ltd., Kyoto, Japan) was
steadily and carefully inserted into the right mPFC (AP, 3.2mm;
ML, 0.6mm; DV, —-52mm from the Bregma) after reference 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 perfused with Ringer’s solution (NaCl,

- 147 mM; KCl, 4 mM; CaCly, 1.9 mM) at a flow rate of 2 plfmin. The
. rats were allowed to move freely during this period. The outflow
from the mPFC was automatically collected every 30min for an

" additional 240 min and directly injected into a high-performance

- liquid chromatography (HPLC) unit using an automatic injector

(Eicom AS-100, Eicom, Kyoto, Japan). A reverse-phase column

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

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

(Eicornpack SC-50DS, 150 mm x 3.0mm, Eicom, Japan) was used

* for 3.4-dihydroxyphenylacetic acid (DOPAC),. homovanillic acid’
(HVA), and 5-hydroxyindoleacetic acid (5-HIAA) separation; the
results were immediately analyzed. The DA, DOPAC, HVA, 5-HT, . .

and S5-HIAA concentrations in the samples weére determined by
an electrochemical detector (Eicom E€CD-300, Eicom, Kyoto, Japan).
The column and detector were kept.in a temperature controller at
25°C. The composition of the mobile phase used for the DA and 5-
HT analyses were 0.1 M phosphate buffer (pH 6.0), 18% methanol,

0.6g/l sodium 1-octane-sulfonate, and 50 mg/l NayEDTA; the flow . -

rate was set at 0.23 mi/min. The mobile phase used in the DOPAC,

HVA, and 5-HIAA analyses was 0.1 M acetate-citrate buffer (pH
3.5), 17% methanol, 0.19g/l sodium 1-octane-sulfonate, and 5 mg/l -

* NaEDTA; the flow rate was set at 0.5 ml/min. After a 3-h stabi-
lization period, three consecutive dialysate samples were collected
and the baseline DA levels were measured. Capsules containing
75 mg oseltamivir (Tamiflu®) were purchased from Chugai Phar-
maceutical Co. (Japan). The capsule ingredients were dissolved in

" distilled deionized water. Either 25 mg/fkg or 100 mg/kg of the drug -

was administered i.p. to the rats. Following the microdialysis exper-
‘iments, the brains were removed and frozen at —80°C. In each

-case, the position of the dialysis probe was macroscopncally ver-

ified on 150-pm-thick serial coronal slices. When a bloody region

" -was found around the probe site, the data were excluded. The

-average of 3 fractions prior to drug administration was defined as
100% {control), and the subsequent perfusate levels were expressed
.as percentages of the control, Statistical apalyses were conducted
by two-way ANOVA and one-way ANOVA followed by Dunnett’s

 test. The Windows-compatible software Dr. SPSS2 (SPSS Japan Inc.,

; Tokyo Japan), was used.
" The mean basal extracellular. DA, 5-HT, DOPAC HVA, and

) -5-HIAA values per 60l dialysate for each .group were as fol-

lows: ‘DA=0.60+0.08pg, 5-HT=3.26+0.85pg, DOPAC=86.37 1
19.05pg. HVA=19410+ 35,90 pg, and
289.80pg.

When 25 and 100 mg/kg of oseltamivir were administered i.p.,

the DA level increased to 156% and 223% of the pre-administration
level, respectively and was also- significantly greater than those in.
the vehicle-administeredrats ( Fig. 1 a). Ataxia was observed follow-

ing systemic administration of 100 mg/kg of oseltamivir. When 25 -
and 100 mg/kg oseltamivir was administered i.p., the DOPAC level

. increased 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 i.p. (c).

. thevalues obtained infAive rats. °p <0.01,*°p <0.05
valye for vehicle (on&way ANOVA followed with Dunnett’s test).

5-HIAA=186742%
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. Fig. 1. Effects of oseltamivir on the extracellular DA concentration in the rat mPFC.

() Effects of oseltamiviton the extracellular 5-HT concentration in the rat mPFC. (b)
Druginjection is indicated by the arrow. Data are represented asthe mean o+ S. E.M. of.
d withithe corresp ng

. 5-HT levels were unchanged after 25 and 100 mg/kg oseltamivir

~ was administered Lp. (Fig. 2a). The 5-HIAA level showed 2 mild
‘increase after 25 mg/kg oseltamivir administrationi.p.; the increase
- was not sngmﬁcant (Fig. 2b). When 100mglkg oseltamivir was

administered i.p., the 5-HIAA level showed a srgmﬁcant increase

t0 126% of the pre-admlmstratxon level (b).

The present study showed that oseltamivir increased DA lev-

els in dxalys9tes of the rat mPFC in a dose-dependent manner.

This is the first demonstmnon of the effects of oseltamivir on the
DA system by using in vivo- dialysis. Since the incredse in DA lev-

. els-in animal brains is closely related with abnormal behaviors
- [13], the abnormal behaviors:of patients while being administered
- oseltamivir may be explamed by the present findings. - ’

The increase in extraceliular DA levels is assumed to be a con-
sequence of the DA-releasing or DA-reuptake-inhibiting effect of-
oseltamivir. If oseltamivir can inhibit DA reuptake, reuptake of DA
in synaptic clefts should be inhibited and the oxidative deamina- -

* tion of DA by monoamine oxidase within presynaptic sites should

be decreased, resulting in a decrease in DOPAC and HVA concentra- .
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Fig. 2. Effects of oseltamivir on the extraceljular DOPAC concentrationin the rat
mPFC. (3) Effects of oseltamivir on the extracellular HVA concentration in the rat
mPFC. (b) Effects of oseltamivir on the extracellular 5-HIAA concentration in the
rat mPFC. (c) Drug injection is indicated by the arrow. Data are represented as the

mean + S.E.M. of the values obtained in five rats. *p<0.01, **p < 0.05 compared with -

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

tions. However, in the present study, the levels of DOPAC, HVA, DA
metabolites, and DA in the rat mPFC were increased by oseltamivir

_ administration. Therefore, oseltamivir may cause the release of DA
from presynaptic sites. _ :

The present study showed that DA increased to156% and 2.23%,01' ]

the pre-administration level following the intraperitoneal admin-
jstration of 25 and 100mg/kg oseltamivir, respectively. In rats,
“ataxia was observed within 10min after 100 mg/kg oseltamivir
was_administered, and the ataxia continued for a few minutes.
‘However. compared with the marked increase in DA levels (over
" 10-fold of the pre-administration level) induced by psychostim-
ulants including phencyclidine and methamphetamine {13}, the
action of oseltamivir as a DAreleasér is less potent. Itis reported that
‘ eseltamivir does not readily cross the blood-brain barrier (BBB) [6].
Recently, Morimoto et al. [10] reported that P-glycoprotein affects

the accumulation of oseltamivir i} the brain. The rats used in our .

experiment were normal; however, if the experimental animals are
infected with the influenza virus or have high fever due to infec-
tion or insufficient P-glycoprotein activity, it is possible that the
BBB is impaired and oseltamivir may reach the central nervous sys-
tem more easily [14]. In this case, the extracellular DA levels may
markedly increase. R : .

Because 5-HT as well as DA neurotransmission in the central
nervous system influences animal behavior [4,15). we also mea-
sured the levels of 5-HT and 5-HIAA, a metabolite of 5-HT, in the rat
mPFC after oseltamivir injection. Although the 5-HIAA 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 oseltamivir

treatment.

Recently, fzumi et al [6] reported that oseltamivir and
oseltamivir carboxylate, the active metabolite of oseltamivir, affect
the central nervous system in vitro, and that the metabolite is more
active than oseltamivir, Therefore, further studies are required to
investigate the effects of oseltamivir carboxylate on the DA sys-
tem. -

The abnormal behaviors of many patients during oséltamivir .
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 abnor-
rmal 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 mechanism under-
lying the abnormal behaviors observed during oseltamivir use may,
to some extent, be due to the transmission 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 manifestation of abnormal behaviors.

References.

{1} PJ. Drinka, T. Haupt, Emergence of rimantadine-resistant virus within 6 days of
starting rimantadine prophylaxis with eseltamivir treatment of symptomatic
cases, §. Am. Ceriatr. Soc. 55 (2007) 923-926. : . .

[2} N.M, Ferguson, D.A. Cummings. C. Fraser, J.C Cajka, P.C. Cooley, DS. Burke,
Strategies for mitigating an influenza pandemic, Nature 442 (2006) 448-452. - .

I3} AA. Grace, Phasic versus tonic dopamine release and the modulation of
dopamine system responsivity: a hypothesis for the etiology of schizophrenia,
Neuroscience 41 (1991) 1-24. : ’

~ [4} S.L Handley, ) W. McBlané, M:A. Critchley, K. Njung’e, Multiple serotonin mech- .

anisms in animal models of anxiety: environmental, emotional and cognitive
factors, Behav. Brain Res. 58.(1993) 203-210. .

{5] G. He, ). Massarelta, P. Ward, Clinical pharmacokinetics of the prodrug
oseltamivir and. its active metabolite Ro 6§4-0802, Clin. Pharmacokinét. 37
(1999) 471-484. i

[6] Y. 1zumi, K. Tokuda, KA. O'dell, Cf. Zorumski, T. Narahashi, Neurgexcitatory
actions of Tamiflu and its carboxylate metabolite, Neurosci. Lett. 426 (2007)
54-58. .

{7] V.. Lee, K.H. Phua, M. Chenm, A: Chow. S. Ma, KT. Goh, Y.5. Leo, Economics of
neuraminidase inhibitor stockpiling for pandemic influenza, Singapore, Emerg.
Infect. Dis. 12{2006) 95-102. :

{8} C.A. Marsden, Dopamine: the rewarding years, Br. ). Pharmacol. 147 (Suppl. 1)
{2006) S136-5144. :

[9] Aj.McCeer, W.Lee, M. Loeb, A.E. Simor, M. McArthur, K. Green, ).H. Benjamin, C.
Gardner, Adverse effects of amantadine and oseltamivir used during respiratory
outbreaks in.a center for developmentally disabled adults, Infect. Control Hosp.
Epidemiol. 25 (2004) 955-961. ) ’ :

{10} K. Morimota, M. Nakakariya, Y. Shirasaka, C. Kakinuma, T. Fujita, 1. Tamai, T.
" Ogihara, Oseltamivir (Tamiflu) efflux transport at the blood-brain barrier via
P-glycoprotein, Drug Metab. Dispos. 36 (2008) 6-9.
{11} M. Nakarnura, G. Y. ka, H. K hima, Y. W. abe, H. 10, Y. Kashiwagi,
K. Takekuma, A. Hoshika, M. Hayakawa, 5. Suzuki, Clinical application of rapid
assay of interleukin-6 in influenza-associated encephalopathy, Dis. Mark, 21
(2005) 199-202. '
{12] K.G.Nicholson, EY. Aoki, A.D. Osterhaus, S.Trottiér, O. Carewicz, C.H. Mercier, A.
‘Rode, N. Kinnersley, P. Ward, Efficacy and safety of oseltamivir in treatment of
_acute influenza: 3 randomised controlled trial, Lancet 355 (2000) 1845-1850.
{13] K. Nisijima, A. Kashiwa, A. Hashimoto, H. | A. Umino, T. Nishikawa,
Differential effects of phéncyclidine and methamph ine .on dopami
metabolism in rat fronta) cortex and striatum as revealed by in vivo dialysis,
Synapse 22 (1996) 304-312.

" [14} R Noor, C.X. Wang. A. Shuaib, Hyperthermia masks the neuroprotective effects®

of tissue plaminogen activator, Stroke 36 {2005) 665-669. :

' {15} N.V. Weisstaub; M. Zhou, A. Lira, E Lambe, J. Gonzilez-Maeso, J.P. Hornung,

E. Sibille, M. Underwood, S. itohara, W.T. Dauer, M.S. Ansorge, E. Morelli, }J.
Mann, M. Toth, G. Aghajanian, S.C. Sealfon, R. Hen, J.A. Gingrich, Cortical 5-
HT2A receptor signaling modutates anxiety-like behavioss in mice, Science 313
(2006) 536-540. :

{16} T. Yoshino, K. Nisijima, K. Shioda, K. Yui. 5. Katoh, Perospirone, a novel atypical
antipsychotic drug. potentiates fluoxetine-induced increases in dopamine lev-
els via multireceptor actions in the rat medial prefrontal cortex, Neurosci. Lett.

. 364 (2004) 16-21.

{17} T. Yoshino, K. Nisijima, S. Katoh, K Yui, M. Nakamura, Tandospirone potenti-
ates the fluoxetine-induced increases in extraceliular dopamine via 5-HT (1A)
receptors in the rat medial frontal cortex, Neurochem. Int. 40 (2002) 355-360.






J Pharmiacol Sci 106. 639 - 662 (20081 No. 4 ’ oo . Journal of Pharmacological Sciences
: : 2008 The Japanese Pharmacological Society

Short Commumcatzon | : ‘ . bl 7845
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.Abstract. Osehamivir, a widely used antl-mﬂuenza drug, inhibits virus neuraminidase. A
mammalian homologue of this enzyme-is expressed in the brain, yet the effect of oseltamivir on
ceritral neurons is largely unknown. Patch-clamp recordings ex vivo revealed that oseltamivir
enhanced spike . synchromzanon between hippocampal CA3 pyrarmdal cells. Time-lapse
multineuron calcium imaging revealed that oseltamivir and its active “metabolite evoked

- synchronized popislation bursts that recruited virtually all nieurons in the network. This unique,
so-far-unknown, ‘event was attenuatéd by muscarinic receptor antaoomst. Thus, oseltamivir is a -
useful tool for investigating a new aspect of neural circuit operation.

Supplementary- Fig. -and movie: a\allable only at http://dx. dOI org/10. l2:4/3phs SC0070467

" Keywords: oseltamivir, functipnal multineuron calcium imaging: network excitability

" Sialic ‘acid is a component of glycoproteins in the from emerging from infected cells. The structure of

cell membrane and regulates various biological func- viral rieuraminidase, however, is very similar to. that of
tions by inhibiting cellular adhesion. In ‘the central HsNEU?2, one of four human sialidases (4). HsNEU2
nervous system, sialic-acid is mainly present as a chain contains exactly the same active site residues, thus being
of peural cellular adhesion molecules, which is abundant, a possible target of oseltamivir. Consistent with this, 3
in the paleocortical dentate gyrus-CA3 region (I, 2): recent study has démonstrated that-oseltamivir and its
Neuraniinidase (eXo-u-sialidase) is a key regulator of the active mietabolite facilifate the presynaptic function of -
" Jength of sialic acid chains, and the malfunction of this CAl éxcitatory synapses in rat hippocampal slices (3).
 enzyme is associated with epileptic conditions ). Here we use electrophysiological recording and func-
Indeed, sialylation in rat CA3 pyramidal - neurons tional multineuron calcium imaging (fMCT1) techniques
changes the action potential threshold by modulating the to examine the effect of oseltamivir onthe excnablhty of
. properties of voltage-sensitive sodium channels, result- CA3 networks, :
ing in an alteration in the excitability of hippocampal Hippocampal slice cultures were prepared from
" networks (3). - postnatal day 7 Wistar/ST .rats {SLC, Shizuoka). Rat’
Oseltamivir was designed according to the X- -ray pups were decapitated, and the brains were cut into
crystal structure of sialic acid analogues.bound to the horizontal 300-um-thick slices using a DTK-1500
active site of neuraminidase. This drug is an ethyl -ester microsficer (Dosaka, Kyoto) in acrated, ice-cold Gey's
prodrug: its active ‘metabolite inhibits virus-type balanced salt solution (Invitrogen, Gaithersburg, MD,
neuraminidase and thereby prevents influenza virus USA) supplemented ‘with 25 mM glucose. Entorhino-

hippocampal stumps were cultivated for 7 — 14 days on
“*Corresponding author (affiliation #1). ikegaya@ mal.fu-tokyo.ac.jp Or_nn'lpore membrane filters (JHWP02500, 425 mm;
Published online in J-STAGE on April 9. 2008 (in advance) Millipore, Bedford, MA, USA) (6). Cultures were fed
doi: 10.1234 jphs.SC0070467 . - with 1 ml of 50% minimal essential medium, 25%
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Hanks® balanced salt solution (Invitrogen), and 25%

" horse serum (Cell Culture Laboratery, Cleveland, OH.

- USA) in a humidified incubator at 37°C in 5% CO.. The -

" medium was changed every 3.5 days.

Experiments wer¢ 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 CaClx: and 10 mM glucose, bubbled -

with 95% O: and 5% CO: (7). Slices were pre-incubated
in ACSF at room temperature for more than 30 min and
transterred t0 a 36°C recording chamber perfused with.
ACSF at a rate of 1.5 to 2 ml/min. Oseltamivir was
chemically synthesized (8 - 10). N-Acetyl-2,3-dehydro-
2-deoxyneuraminic acid (NADNA) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Both inhibitors
were dissolved in ASCF and bath-applied. . ’

_For calcium imaging, slices were incubated with

0.0005% Oregon green 488 BAPTA-1AM (lnvitrogen)

~for 1 hat 37°C and then with ACSF at room temperature’. -

. for >30min (11). They were transferred to a 36°C
recording chamber. The CA3 stratum pyramidale was

- . -illuminated at 488 nm and imaged at 10— 100 frames/s

with a CSU22/CSUXI. Nipkow-disk confocal unit

(Yokogawa-Eleetric, Tokyo) and a cooled CCD camera -

(iXon -DV887/DU860; Andor Technology, Belfast,

UK). Spike-triggered Ca™" signals were detected with

custom-written  software " in Microsoft Visual Basic
- (Microsoft, Seattle, WA, USA)(11). :

. We recorded spike activity simultaneously froni two
- CA3 pyramidal cells under control conditions for a total -

- time.of 13 min and then in the presence of oseltamivir
for a total time of 11 min (n =4 pairs) (Fig. 1). Netirons :
spontaneously fired a series of action potentials, Under
control conditions, the timings of the action potentials
were almost uncoitelated between the neuron pairs, but
after bath application of 100 M oseltamivir, the same

pairs became to emit intermittent bursts of action -

' enti ¥ riote fmaliidad T A A A
_potentials. On average, single bursts included 5.3+ 0.2

-n =13 slices).

Fig. 1. Osehamivir synchronizes action potentials between-

neuron pairs in hippocanipal CA3 netwocks. Dual loose-patch-
. clamp recordings were performed with glass pipettes filled "
with ACSF to. record extracellular single-unit activity from:
adjacent hippocampal CA3 pyramidal cell pairs. Recordings
were caried out using Axopaich 700B smplifiers (Moleculyy
Devices. Union City, CA. USA). and signals weré low-pass
filtered at | kHz. digitized at 10kHz. and analyzed with
PCLAMP 8.0 software (Molecular Devices). Bursts. were

s defined as any series of spikes with an inierval of less than | s.-

- Lefi'panels: representative traces of simulmneous loose-patch:

.recordings from two CA3 pyramidal cefls 2 min before (top). o

and Smin after bath application of 1004M oseliamivir’
{bottom). Right panel: crosscorrelogram of spike counts.in
" the same neurons. Oseltamivir increased the degree of spike. .

synchronization. Similar results were obtained in all 4 cases’
tested. -

spikes at 44.7:: 3.4 Hz (miean £ S.EM. n = 234 bursts),
This burst frequency corresponds to the so-called.

“gamma frequency™ range. Importantly, the bursts con- '
" .- curred between neuron pairs; spike-timing crosscorrelo-

gram (Fig. 1 right) shows that oseltamivir increased the
peak amplitude at a time difference 6f 0 ms, indicating
that it enhanced spike synchronization between hippo-
campal CA3 neurons. _ ' S
To address the effect of oseltamivir at the network -
level, we used functional multineuron calcium imaging
(11). By taking advantage of the fact that action
potentials evoke Ca*" transients in the soma (Fig. 2A), .
this optical technique can reconstruct spike activity

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

resolution (Fig.2B). Under control conditions, the -
activity of CA3 neurons was sparse in tire and space.. .
but after bath application of. 100 4M oseltamivir, they
showed a gradual increase in activity rates and abruptly -

started ' to. show globally ' synchronized “population -~ -

burst” activity after 3 — 20 min-(Fig. 2C; see also supple-

- mentary Fig. | and movie I:.available at online version

only). The same effect was produced by 100 uM
NADNA, another neuramintdase inhibitor' (Fig. 3A, -

We sought to characterize the population burst events, . -

The emergence of these events, that is, the percentage of

slices that showed pop_u]ation ‘bursts, depended on the-
concentration -of oseltaniivir in the range from 0.3 -

1004M (Fig. 3A, n=35-8 slices for each Concentra-

tion).- This dose-response curve shifted leftward for the’ i
active metabolite of oseltamivir (Fig. 3A). With ledst-

square régression to a sigmoid curve, the EDs value was =~
- estimated to be 10.2 uM for oseltamivir and 0.7 #M for

the active form. The event frequency, that is, the number

.of events per min, had no relation 1o ‘the oseltamivir

concentration (R =0.20. " P=0.29,° Pearson’s tést)
(Fig. 3B) nor did the event duration, that is, the mean

~ period during which individual burst persisted, have any
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Fig. 2. Oseltamivic induces glo-
bally synchronized “population
burst™ activity. A: Simultancous
loose-patch-clamp recordings and
time-lapse imaging of somatic Ca™
signals from a CA3 pyramidal
neuron loaded with Oregon green

488 BAPTA-l reveal that action
potentials are faithfully reflected -
-as. Ca® transients. B: Functional

110 100 10 100

Concentration “’M).,

1
Concentration (M)

relation to the concentration (R=0.14, P=0.46)
. (Fig: 3C). There was a negative relationship, however,
between the event frequency and the event duration
(R =0.73, P<0.001) (Fig. 3D).

As shown in the above- data, oseltamivir-induced
bursting had a gamma frequency rhythm. Hippocampal
~ gamma oscillations are believed to arise from activation
of muscarinic acetylcholine receptors (12). Consistent
with this, we found that in the presence of 10uM
atropine, a muscarinic receptor antagonist, 3 out of 5
slices failed to generate population bursts in response to

Event frequency (min~') .

: g calcium imaging and reconstruc-
2s tion of multineuronal spike trains.
_ Representative Ca™ traces of 4 cells -
- indicated in the confocal image of
: : . the CA3 pyramidal c¢ll layer of a
L _ l control dye-loaded  hippocampal  slice
- C 180 -4. § oL iprerede e et oo - culture.. Vertical bars - under each
. A SRR ¥ L R R - A | trace indicate the timings of spikes
T B e B | teconstructed from the raw Ca*
E® i : : 1 AR g ] ! ] trace. The movie was taken ar 100"
S R : }“ ‘Hz. C: Examples of the effect of
& K SR I TR Y ) 100 M oseltamivir on CA3 net-
8| pAqd e L L b + ork activity. Each dot
£ RS MRS i 3 work activity. Each dot represents
3 b } l 1 R ; 1 v 1 | the onset of a single. caleium
1 = #op e L EE TR —=1% — ransient. After 5 min of treamment
- -10 -05 0.0 ‘5.0 5.5 60  with osehamivir, spikes became
: : Time after oseltamivir application (min) - synchronized in the whole network.
o 5 100 A 1001 © o
£ 3 & oseltamivir (prodrug)
%:-g Fatropine
3 2 50 50 - o
® 5 ‘ O'osehamivnf (active form)
= ‘%—.‘ ] NADNA - Fig.3. Characterization of oseliamivir-induced popula-
s a 0 . ; — 0 tion bursts. A: Concentration-dependent emergence of
& 1 10 100 - 100 population bursts. The ordicate indicates the percentage of
Concentration (uM) slices that showed population bursts in response to-
) oseltamivir (closed ciscles), its hydrolyzed active metabo-
) lite (open circles), and NADNA (open square). Atropine
L R=020 . & = R=0.73 was co-applied with 100 M oseliamivir (ciosed square).
£ P=0.29 s 15, s 15 i P<0.001 n=5-8 slices for each conceatration. B-and C: The fre-
<10 sg $ . T B : quency. of population burst events per min (B) and the
'_g e ce . 210 310 average duration for individual population bucsts persisted
2 lee_ e 3 ‘g § {C) were plotted against the concentrations of oseltamivir
g 19 .09 "o F 2 8 and its active form. Each symbol indicates a single slice.
15 e - 5 s D:/Negative relationship between the frequency and the
& S0 2 o0 duration of population bursts. Line indicates the best linear

fir with least square estimation. Significance was. deter-
mined by Pearson's test.

100 1eM oseltamivir, a concentration of oseltamivir that
readily evoked population bursts in all 8 cases tested
(P =0.035, Fisher’s exact test) (Fig. 3A).

We have demonstrated that oseltamivir and its active
metabolite enhanced neuronal synchronization - and
induced population burst events of rat hippocampal CA3
networks in a concentration-dependent manner. Popula-
tion bursts did not occur under normal conditions 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.
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Cholinergically induced gamma oscillations are accom-
panied by rhythmic-activity of the inhibitory network,
which shunts excitatory synaptic inputs and sharpens the
window in which pyramidal neurons can fire action
potentials, leading to a tighter synchrony among
pyramidal - neurons (12). Thus, oseltamivir-induced
population bursts may be shaped by the phasic activity
of inhibitory interneurons; rather than pyramxdal cells.

Our preliminary data indicate that even at a high
concentration .of 1 mM, oseltamivir does not induce-

~ either depolanzatnoxr or hyperpolanzanon of meémbrane
potential of hippocampal excitatory neurons in pritnaty
dispersed cultures (n=8, data not shown) Thus,. our

data 1mply two, but not mutually exclusive, possibilities .
conceming the action site of oseltamivir: i)’ inhibitory -

interneurons afe an action’ target of oseltamivir, and

ii) the effect of oseltamivir- requires network. activity ..

" flows, rather than single neurons. Given that two
structurally unrelated neuraminidase inhibitors, that is,
oseltamivir and. NADNA, exerted the sane effect on

network activity and that ‘sialic acid, a neuraminidase -

substrate, regulates .neurite adhesion between hippo-
‘campal neurons (1), we - speculate that oseltamivir
- modulates sialylation-mediated neurite connectivify and
enhances network synchronicity through intemeurons.

Animal experiments with rodents demonstrate .that

orally (30 — 300 mg/kg) or intravenously (8 umol/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 equal to
0.1 — 5 uM in the brain) (13, 14). Safety examinations of
Tamiflu™ (oseltamivir), conducted by Roche, show that

in 7~ I4-day-old rats, the brain ¢oncentration reaches -

- more than 500 times greater than that in adulf animals
(see basic product information of Tamiflu™"), suggesting

a higher tisk of a side-effect in younger brains. Interest-

ingly, a minor allele Wwith singlé nucleotide” poly-
morphism in HsNEU2,.which. shows a strong binding
affinity to oseltamivir, is frequently observed.in Asians
(9.29%), but not. in Europeans and African Americans
(15). This Asian population'may be highly susceptible
to oseltamivir and thus- affected by neuropsychiatric
_disorders. Because our current data are not linked to

_behavioral alternations in human and animals, investiga- -
tions in vivo will be necessary to examine whether -

oseltamivir-induced populatton bursts are related to

some psychologic behavxors frequently seen in mﬂuenza- .

infected chtldren.
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340 Higenamine'is the main active
- substance responsible for the inhibitory
effect of Nandina domestica 'Thunberg on
histamine-induced contraction of gumea pig-
tracheal smooth muscle
Takuro Ueki*?, Tatsuhiro Akaishi’,
Muneo Tsuklyama"‘ Hiroko Kikuchi®, Yoichi Yasuda’,
" Tsuneo Morioka? Kazuho Abe'
*Lab. Pharmacol., Fac. Pharm., Musashino Univ., 1-1-20 Shmmadu,

Nishitokyo-shi, Tokyo 202-8585, Japan, "TOKIWA Pharmaceut, Co.
Ltd., Osaka 541-0052, Japan, "NOEVIR, Co. Ltd., Kobe 650-8521, Japan

We have previously reported that the crude extract from Nandina
domestica Thunberg (NDE: 0.1-1 mg/ml) inhibits histamine-
induced contraction of isolated guinea pig trachea and the mhlb!tory
effect of NDE cannot be accounted for nantenine, a major
alkaloid isolated from NDE. To identify the active comstituent(s)

- . responsible for the mhlbxtory effect of NDE on  tracheal contraction, -

‘we obtained several fractions of NDE and investigated their
pharmacologlcal effeets on contractile responses in tsolated guinea
- pig trachea. Among five fractions prepared from NDE by HP-20

cojumn chromatogxaphy, only the 40% methanol fraction inhibited .
hlstamme-mduced tracheal contraction. The 40% miethanol fraction -

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

. ®81H (2008. 03. 17—19, #K

P14 Effects of pressure stimulus on
- cell proliferation and differentiation in L6
. skeletal muscle cells

Yoshiki Fujisawa', Kenji izuka', Noriteru Morita’,
Takuji Machida', Masahiko Hirafuji' -

"Dept. Pharmacol., Facul. Pharm. Sci,, Health Sci. Uni. of Ho’rl:az..
1757 Kanazmwos, Ishikari-Tobetsu, Hokkaido 061-0293, Japan, *Dept.
Wellness Planning., School of Lifelong Learning Support Systems,
Hokusho Uni,, 23 Bunkyodai, 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. Atmospheric 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-time RT-PCR, rcspechvely 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

‘myoblasts. Induction of cell differentiation to myotubes resulted

in an increase of phosphorylated ERK compared to myoblasts:
However, pressurizatior to myotubes failed to induce significant
change in phosphorylated ERK. These findings demonstrate that a
pure ‘mechanical pressure stimulus enbances cell proliferation and
suppresses cell differentiation in skeletal muscle myoblast, and
raise the possibility that elevated intramuscular pressure may have

higenamine is the main active constituent of NDE in inhibiting

tracheal contraction.
D16575

; % Oseltamivir-induces spike
synchromzatlon in_hippocampal networks
- Atsushi Usami', Takuya Sasaki', Nobuhiro Satoh?,
- Takahiro Akiba? Satoshi Yokoshima’,

" Tohru Fukuyama®, Kenzo Yamatsugu?,

" . Motomu Kanai®, Masakatsu Shibasaki®,

Norio Matsuki’, Yuji Ikegaya' :

* 'Laboratory of Chemical Pharmacology, Graduate School of Pharmaccutical
Sciences, Tokyo Liniversity, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033,

- Japan, *Laboratory of Synthetic Natural Products Chemistry, Graduate

_ School of Pharmuceutical Sciences, Tokyo University, 7-3-1 Hongo, .

. Bunkyo-ku, Tokyo 113-0033, Japan, *Laboratory of Synthetic Organic
Chemistry, Graduate School of Pharmaceutical Sciences, Tokyo University,

» 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

Oseltamivir is an antiviral drug used to treat influenza. It inhibits
neuraminidase, thereby preventing influenza virus from emerging
. from infected cells. The effect of oseltamivir on the central
nervous system is largely unknown, however. We monitored
the” activity of neurons treated with oseltamivir in hippocampal
slice cultures, by using electrophysiological recordings and
functional multineuron calcium imaging. Double patch-clamp
recordings revealed that oseltamivir led to spike synchronization
among adjacent hippocampal CA3 neurons. To investigate how
oseltamivir alters neurgaal network operation, we simultaneously
recorded the spike activity of huodreds of hippocampal neuroos.
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.

a:v—rsz‘effectraccordmgto'tﬁfﬁfffx erentiative stage of skeletal”
muscle.

P21-02< Visualization of neuronal
network activity: implications-for a new
drug-screening method i n systems
neuropharmacology '

Naoya Takahashi, Takuya Sasaki, Nono MatSukl,
Yuji Ikegaya

Lab. Chem. Pharmacol., Grad. Sch. Phann Sci. Univ. Tokye, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113-0033, [apan

Synchronization in cortical networks is-a prcvalent feature

_that reflects dynamic processing of sensory input and internal

information. We developed high-speed functional multineuron
calcium imaging (fMCI) to simultaneously record action
potentials from about hundreds:of neurons at up to 2000 frames/s
and reconstructed the spanotemporal pattern-of hlppocampal
CA3 network activity in vitro. Spontaneous activity displayed
the emergence and dynamics of synchronized network activity
with millisecond coordination. Whole-cell recordings from
synchronized neuron pairs revealed that coordinated excitatory
inputs potentially contributed to precise synchronization. To
elucidate the profile of network synchrony, in fMCI data scts, we
estimated the statistical significance of synchronicity between all
possible neuron pairs. The graphs, in which individual neurons
were functionally connected based on strength of painwise
correlation, were sparse, bUIIIPIeA ana Ioca!{j clustered, \d\hlbltlll"
small-world- architectures. These findings provide a simplified
strategy for evaluating network operations, which will provide a
new drug screening technique in systems neurophannacology.
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" As abnormal bichaviors such as jumping and falling from bal- )

cony were reported in patients aged 10 to 19 years who adminis-
trated oseltamivir phosphate (Tamiflu) for treatment mﬂuenza

 infection, the Ministry of Health, Labor and Welfare in Japan
" notified that, as a rule, Tamiflu should not be prescribed to pa-

tients aged ‘10 to 19 years: To examine the relationship between
Tdmiflu. and abnormal behaviors, we investigated the effects of
Tamiflu and its carboxyhc acid metabolite, GS4071, on ‘the-cen-
tral nervous system, that is, on 3 neurotransmitters (dopamine,
Aserotonin, and norepmephrme) in presynapses (inhibition of re-
“uptake, promotion of release) and postsynapses ‘(guanosine 5°'-
triphosphate (GTP) 7S binding), using rat brain synaptosomes.
.Neither Tamiflu nor GS4071 influenced the re-uptake/release of

. the3 monoammes or GTP binding i in postsynapses.

Key words Tamlﬁu oscltamlwr phosphatc GS4071; dopaminc; scro- -

. tOan norcpmcphrlnc

" As an anti-influenza virus agent, oseltamivir phosphate

: (ethyl -(3R,4R,55)-3-(1-ethylpropyloxy)-4-acetamido-5-

ammo-]-cyclohexane- -carboxylate phosphate, Fig. 1A) -

_(proprietary name: Tamifiu®) was developed by Roche Labo-
“ratory Inc. (Swﬂzerland) In Japan, the Ministry of Health,
Labor and Welfare approved this agent in 2000. In February
~ 2001 and July 2002, Chugai Pharmaceutical Co., Ltd,, as a
" Japanese agency,- started the sales of 75-mg Tamlﬂu cap-
_sules and 3% Tamiflu® dry syrup, respectively. The action
mechanism of Tamifiu 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/prolifera-

tion_in other cells. ‘This mechanism is similar to that of

zanamivir hydrate (Relenza anti-influenza 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. Furthermore, amantadine hydrochloride (Symme-

/C:NHP«: : /@_:NHA&:
Et0,C SNH,H,PO, HOOC NH,

(A) Tamiflu (B) GS4071

Fig. 1. Chemical Structures
* A: Tamiflu (oseltamivir phosphatc), B: GS4071.

Biol. Pharm. Bull. 30(9) 1816—i818 (2007) Vol.30,No.9

tre1®) 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 influenza infection.
According to Roche Laboratory Inc,, the sales situation of

~ Tamiflu is as follows.” Japanese patients (n=34000000) ac-

1)

count for approximately 75% of the total world Tamifiu 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

Tamiflu in Japan is'numercus.

In 2007, abnormal behaviors 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 of Oseltamivir Phosphate
(Tamiflu)”, 3Y which had been submitted 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, abnormal behaviors similar to those after Tami-
flu administration have also been reported. In Japan (1999,

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 them)-are high.*% In

children aged over | year, the side effects of Tamiflu are rare
and slight.” A study indicated that there was no association
between Tamifilu and mortality/encephalopathy in infants
aged less than | year.¥ Concerning the relationship between
Tamiflu and abnormal behaviors, another study reported that
there was no significant difference in the incidence of abnor-
mal behaviors between patients with and without Tarniflu
(11.9% vs. 10.6%, respectively).”
To evaluate psychoactive drug activity quickly, we re-

‘ported an assay system for investigating the influence on the

central mervous system using synaptosomes prepared from

‘the rat brain'®: a system for examining the influence of vari- -

ous chemicals including psychoactive drugs on 3 neurotrans-

_mitters (dopamine (DA) system, serotonin (SHT) system, and

norepinephrine. (NE) system) in presynapses (inhibition of
re-uptake, promotion of release). ‘Many of the monoamine
receptors, including DA, 5HT, and NE receptors, are consid-
ered to belong to the superfamily of guanosine 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 ethyl ester
prodrug, is converted to the active form, (3R,4R,55)-3-(1-
thylpropyloxy)-4- acetamido-5- ammo- —"yciohpvane-l -car-

ethy!
havvlic anid I("QAO‘I! Fm IR\ in vivo. D Ag an animal ex-

GOXYiC adic
L1}]

periment it is rcported that Tamiﬂu passes the brain barrier,
we investigated the influence of Tamiflu and its metabolite
GS4071, which were supplied by Prof. Shibasaki (the Uni-

% To whom corrcspondence should be addressed.  c-mail: Kanako_Satou@membcr.mctro.tokyo.jp © 2007 Pharmaceutical Society of Japan
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versity of Tokyo, Tokyo Japan), on DA, SHT and NE 3s well
“as GTP binding using a psychoactive drug-assay system to
examine the relationship between Tamifiu'and abnormal be—

haviors.

MATER]ALS AND MET, HODS

Reagents Tamiflu and GS4071 were a kind gift from
- Prof. Shibasaki. 'I'hey were synthesized according to .

Fukuta et al.'” and Mita et al."” Methamphetamine (MAP)
and cocaine were purchased from Takeda Pharmaceutical
Company Limited and Dainippon Sumitomo Pharma Co.,
Ltd., respectively. Chemicals were dissolved in dimethyl sul-
foxide (DMSO, final concentration: 0.1%). *H-DA (2.20
TBg/mmol), *H-SHT (1.11 TBg/mmol), *H-NE (1.93
TBg/mmol), and [*SJGTPYS (46:25 TBq/mmol) were pur-

. chased from PerkinElmer Inc. (MO, U.S.A.). Other reagents

used in the study were of the highest grade commercially

available. .
Animals 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 |

.week, they were killed under ether anesthesia and their brains

were -quickly removed.'™¥ All animal studies were per-
formed in accordance with the UFAW Handbook on the Care -
and Management of Laboratory Animals.

Preparation of Cerebral Synaptosomes for Re-uptake
and Release. Assay The striatum and cerebral cortex were
dissected from the rat brain. Crude synaptosomes were ob-
tained by the methods described in our previous reports.'*'?
The crude synaptosome from the striatum was used for the
assay of re-uptake and release of DA, and that from the cor-
tex was used for the assays of SHT and NE. For the release
assay, 1 M reserpine was added to 0.32 m sucrose and buffer.
The re-uptake and release assays were started immediately
after the preparation of synaptosomes. Profein concentrations
were determined by the modified Lowry method. using a Bio-
Rad assay- kit.

Preparation of Cerebral Synaptosomes for GTPYS
~ Binding Assay The whole brain dissected on ice was ho-

mogenized. Crude synaptosomes were obtamed by the modi- -

_fied methods described in previous'® and our personal re-

ports The synaptosome was dwnded into-aliquots and stored
~80 °C until use.

’H DA, *H-SHT, and JH-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 release (DA; 5210, SHT; 4960, NE; 2200 dpm) con-
tent from the total uptake (DA; 11600, SHT; 2960, NE; 8480
~ dpm) or release (DA; 10160, SHT; 7560; NE; 6770 dpm)
" .content. From these results, the drug concentration giving the

1C,, or EC,, was obtained.
i’SS}GTP*,'S Bmdmg HSSaY The GTP umuulg assay was
determined by the methods modified in previous'® and our
personal reports. Specific monoamine- or chemical-stimu-
lated [>>S]GTPYS binding values were calculated by subtract-
ing basal binding values (obtamed in monoamine or chemi-

cal absence; 900 cpm) from stimulated values (obtained in

Re-uptake of *H-0A
(% of control)

Re-uplake of H-5HT.

1817

.monoamine or chemical presence) The % of S-HT maxlma )

was determined by leldmg DA-; NE-, or chemical-induced

maximal binding using the 5-HT-stimulated maximal binding-
value (2110 cpm) as a reference compound.
Statistical Analysis IC, and EC,, values were deter-

mined using the sigmoidal dose-response curvé fitting ob-"
tained by a software, KaleidaGraph ver. 4 (Synergy Software,
PA, US.A.). The data represented the mean values of three”

mdepcndent experiments (n=3). -

.RESULTS AND DI SCUSSION

In this study, we exafnined; that Tamiflu and GS4071 on
DA, SHT, NE-reuptake and release assays, and GTP binding

assay using rat brain synaptosomes. We compared the influ-

ence of Tamiflu and GS4071 on *H-DA, *H-SHT, and >H-NE
re-uptake with that of a stimulant, MAP, and a narcotic, co-"
caine (Figs. 2A-—C): Both MAP and cecaine potently inhib-
ited DA, SHT, and NE re-uptake, and their ICs, values were, .-
similar to those previously reported.'® However, neither .
Tamiflu nor GS4071 influenced re-uptake of the 3 mono---

amines. In release assay, MAP potently promoted DA/NE

release, but cocaine did not influence the 3 monoamines. I

MAP’s EC,, values and the ﬁndmg of cocaine were consis-

tent with the results of our.previous study.'® Neither Tamiflu
nor GS4071 promoted the release of *H-DA, *H-SHT; and

*H:NE (Figs. 2D—F). Subsequently, we studied a [”S]GTP
binding assay under conditions which facilitated the adequate’

responses of DA, 5HT, and NE. Neither MAP nor cocaine, -

promoted G-protein binding, as previously repérted Also,

neither Tamiflu nor GS4071 bound the G-protein bmdmg of -

DA, 5HT, and NE receptors (Fig. 3).
In a symposium held by the Japanese Socnety of Pharma-

_cological Epidemiology (JSPE) (May 20, 2007), some inves-

tigators reported that there was no association between Tami-

flu administration. and abnormal behaviors based on statlstl-

Release .

Re-uptake

Retaingd of *H-DA
{ratio to control)

m'_. 16 10" 10° 1t a0*

{% of controly
Relained of *H-SHT
{ratlo lo centrol}

T T R

R

s

11.:’- 1(.1‘ . 1:1' 1;1’ vof'

(©)

P S e N
10* 16 10 ' w0t a0 w0 0’

Concentration M)

Re-uptake of *H-NE
{% of control)
3
Retained of *H-NE
{ralio 1o controt)

[

Fig. 2.
amines by Tamiflu and GS407!

The synaptsome fraction prepared from striatum was uscd for the assay of dopamine -

(A arid D), and that prcpared from the cortex was used for the assay of S-HT (B and E)
and norepincphrine (C and F). The S.D. valucs arc Jess than 4.0%. (A), (B), and (C): rc-
uptake assay, (D), (E), and (F): rclcase assay. A: Tamiflu; (3: GS4071; @ mc_(haniphci-
aniine; B cocaine.
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(S|GTPYS Bound
(% SHT Maxima)

]

- 109 108 107 106 105 104
Concentration (M)

Fig. 3.
Binding by Tamiflu and GS4071 in the Rat Whole Brain Membranes’

Specific [MSJGTPYS binding was d in.the pr of various concentrations
of Tamiflu and GS4071 as described in Materials and Methods. The results are ex-

pressed as 2 percentage of the specific binding of SHT at 10“ M. The S.D. values are -

;A DA;

h h,

- less than 5.0%. A: Tamiflu; O: GS4071; @:
D '§5-HT; O: NE.

o
cal data, and ‘that Tamiflu ‘decreased the incidence of pneu-
monia to 1/3. Others suggested the relationship between
Tamiflu adminisiration and abnormal behaviors. A consensus
has not been reached. Concerning anti-influenza virus agents
other than Tamiflu, the Ministry of Health, Labor and Wel-
" fare. also announced the incidences of abnormal behaviors

_ after administration on May 14. According to this, 10 and 6
patients with abnormal behaviors after administration of Re-
lenza/amantadine hydrochloride (denominators unpublished)

have been reported since 2000 and 1998, respectively.” In -

the package inserts of amantadine hydrochloride, side effects
on the central nervous system (hallucination, delusion) are
described. . They may be probable, since it is described that
the agent inhibited DA re-uptake while promotmg its re-
lease/synthesis in an animal (rats) experiment in the new
_ drug application. However, in the new drug application of

" Tamiflu (materials regarding its' pharmacological effects), it
_js described that Tamiflu may not influence any symptoms/

" activities, the central/autoriomic nervous - systems, ‘smooth -

wuscle, nor immune system based on the results of general
" pharmacological and toxicity studies using animals, and that
neither Tamiflu nor its carboxylic acid metabolite (GS4071)

" -influenced 19 receptors involved in nausea/vomiting in an in

vitro 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 the season be-

tween 2003 and 2004.'” They consisted of 0. 75 persons aged

“-less than | 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 3 we estimated the mortality rate

Represcntativé Concentration-Response Curves for *’SIGTPYS .

Vol. 30, No. 9

according to abnormal behaviors 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 Tamiflu to
treat influenza. Neither Tamiflu nor GS4071 inhibited the re-
uptake of 3 monoamines in presynapses, promoted their re-
lease, or influenced G-protem binding in postsynapses in.our
in vitro assay system. It is thus indicated that mechanisms
underlying the abnormal behaviors due to Tamiflu are differ-
ent from those underlying the effects of psychoactive drugs.
It has been suggested that Tamiflu inhibits encephalopathy-
‘related death and the onset of pneumonia in children. 18
Therefore, this agent may be useful for-treating influenza in-
fection m ‘high-risk groups consisted of children or elderly
- persons.'?) We propose that the relationship between Tamiftu
and. abnormal behaviors should be examined quickly using
influenza-infected animals, and then Tamiflu must be admin-
istered, considering its risks and benefits. ‘
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Oseltamivir, an Anti-influenza Virus Drug, Produces Hypothermia in
Mice: Comparison Among Oseltamivir, Zanamivir and Diclofenac
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Oseltamivir phosphate (Tamiflu). an anti-influenza virus drug, is hydrolyzed by carboxylesterase to an ac-

_tive metabolite. The metabolite inhibits the influenza virus-specific neuraminidase. In this study, the effects of os-
eltamivir on normal core body temperature were studied in mice. Oseltamivir (30—300 mg/kg, intraperitoneally
© . (i.p.) and 100—1000 mg/kg, orally (p.o.)) dose-dependently lowered the body temperature. The cffects of os-
_eltamivir (p.o.) continued longer than those of oscltamivir (i.p.), and approximately triple doses of oral os-
eltamivir were needed to produce the same peak effects as intraperitoneal oseltamivir. The non-steroidal anti-in-
flammatory drug diclofenac (1—30 mg/kg, L.p.) did not affect body temperature, and (at 30 and 60 mg/kg, s.c.)
-did not interact with the hypothermic effects of oseltamivir (100 mg/kg, i.p.). Zanamivir, which also inhibits neu-
raminidase, did sot produce hypothermia at doses of 100: and 300 mg/kg, i.p. Clopidogrel (100, 300 mg/kg. i.p-).
which is metabolized by the same carboxylesterase, tended' to decrease the hypothermic effects of oseltamivir
{100 mg/kg, i.p.). These results suggest that ‘the hypothermic effects of oseltamivir are due to its ‘hydrolytic

metabolite, and that the hypothermia observed in miice

has some relationship to the antipyretic effects and severe

- hypothermia (adverse event) observed in influenza patients.after taking oseltamivir.

ey words  osehamivir: hypothermia: zanamivir: diclofenac: mouse

_ The anti-influenza drug oseltamivir (Ro64-0796) is hy-

) - drolyzed to the active metabolite oseltamivir calboxylate
(Ro64-0802. OC) by human liver carboxylesterase (CES).

and -OC inhibits the influenza virus-specific neuram-

. inidase." * Oral administration of the parent compound ©os-

eltamivir (OP) telieves the symptoms of influenza (cough.
myalgia, nasal obstruction. sore throat, fatigue. headache.

feverishness).™ OP has strong antipyretic_eftects, which be-
“come apparent within 24 h after taking the drug.” In addi-

tion, an adverse event -(unknown casual relationship)—hy-
pothermia—afier 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) have also described hypothermia to 34 °C'in 2

“cases® - ,

“1n the present stidy. we investigated the effécts of OP on

fiormal core body temperature using ‘mice. and found rela-
tively strong hypothermic effects. Zanamivir. which-is also a
" peuraminidase inhibitor and an anti-influenza virus drug. was

compared with the effects of OP. Absorbed OP is hydrolyzed

by human liver CES1 1o the active metabolite OC.'~ The hy--

drolysis is strongly inhibited by the anti-platelet drug clopi-

: dogrel, which'is metabolized by the same esterase C ES1.”
~ Therefore, clopidogrel was used to inhibit hydrolysis of OP

in an.attempt to study the involvement of OP or OC in hy-
pothermia after OP administration.
As the antipyretic diclofenac 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 on body temperature and its interaction

- with OP were also studied.

& To whom correspondence should be addressed.  ¢-mail: hivno' pharnagoya-cu.ac jp

MATERIALS AND METHODS

Animals One hundred forty-six male mice (ddY strain.
S1.C Shizuoka. Japan) were kept for at feast 7d under a
12712 h lighi-dark cycle before experiments with full access
to water and food. except those used for oral administration
of OP. which were fasted for more thaii ‘153 h. ‘

All experimental protocols used were approved. by the An-
imal Care and Use Committee of Nagoya City University
and were .conducted in accordance with the guidelines 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
temperature in an experimental room for animal behavior.
which was maintained at 23—25 °C. Each mouse was placed
individually in a Plexiglas cage (19X12X1}cm (depth)).
then removed every 10 min, held loosely in a small cloth bag.
and the core body temperature was measured using a digital
thermometer with a resolution of 0.1°C (MT-132. Mother
Tool, Uéda. Japan). The thermometer probe was insevted 25
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 adnunistered after the temperature
became stable.

Drugs The drugs used were oseltamivir phosphate (Tam-
iflu capsule, Chugai Pharmaceutical Co.. Tokyo, Japan).
zanamivir hydrate (Relenza. dry powder inhaler, Glaxo-
SmithKline Co.. Tokvo, Japan). clopidogrel sulphate (Plavix
tablet. Sanofi-Aventis Co.. Tokvo. Japan) and diclofenac
sodium (Sigma, St. Louis. MO. US.A.). A Tamiflu capsule
(75 mg) contains 98.5mg of oseltamivir phosphate and 64.5
mag of additives. The soluble additive is. povidone,.and the in-
soluble additives are pregelatinized' starch. croscarmellose
sodium_ talc and stearyl fumarate sodium. The content of the
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capsule was suspended in saline. Five hundreds milligranis

of oseltamivir phosphate are dissolved in ! ml of water, and

" the maximal concentration of OP used for oral administra-
tion (1000mg/kg) was 100mg/ml. Thus, insoluble sub-
stances were considered to be additives, and not.OP, and the

suspension was injected after shaking. A Relenza blister (5
- cant hypothermia was observed at doses of 300 and 1000

mg) contains zanamivir hydrate and lactose. and these were
coipletely dissolved in saline. A Plavix tablet, which con-
tains 75 mg of clopidogrel and additives, was made into an
emulsion by grinding in a mortar and péstle containing
-saline. Diclofenac sodium was dissolved in saline. Doses of
drugs were expressed as a free base and administered in-

traperitoneally (i.p.), subcutaneously (s.c.) or orally (p.0.) at _

- 0.1 m!l volume/10 g body weight.
Statistical Anal\ sis - Mean core body temperature before
drug administration ‘was 38.2+0.03 °C (S.E.M.. n= l46), the

range was 37—39.3°C, and drug effects were expressed as _
the decrease in body: temperature (A°C ). All data were ex-

pressed as mean*S.E.M. (n=6 or S): Multiple t-test with

Bonferroni correction following ANOVA was used for multi- -

ple comparison between control and- treated groups.'® Stu-
. dent’s t-test or Welch’s procedure was also applied 'to, the

same group because multiple comparison can overslip side

effects (adverse reaction) (known casual relationship) of
druos."’ Differences at p<<0.05 (two-tailed) were considered
to be significant.

RESULTS

Effects of OP on Core Body Temperature OP (30,
100, 300mg/kg. i.p.) dose-dependently lowered the body
temperature (Fig. 1). The peak eftects were observed 10, 20
and 30—40 min - after administration of 30,
mg/kg of OP, respectively. Variations in the effects of in-

traperitoneal OP were smaller than those of oral OP (Fig. 2). .

and there were many significant time points between the
saline and OP groups (multiple /-test with Bonferroni correc-
tion) (Fig. 1). AUCS,_4qmi, of hypothermia (A°CXmin) val-
ues were: —3.2%3.6 (n=6) (saline). —20.7%6.4 (30 mg/kg),

=79.3x57 (lOOm,_,:‘ka) and —164.1x15.9 (300m=/k0) .
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Fig. 1. Oscltamivir (:0——.:00 mg’ke, ip.) Decreases Core Bodv. Tempera-
" turc in a Dose-Dependent Manner in Mice .
Each point represents the mean=S.E.M. oro ntice. Ordm:m. decrcase in body tem-
perature from the baseline (mean-of —30—0niin). Abscissa: time in minutes afier ad-
ministration. of the drug. Significonce of differences between control and test values
was determined by the two-taiked muhlpk st with Bonterroni correction following
one-way analysis “of variance (3 comparisons in 4 zroups). #p<0.03 and 4 p<0. o1.
OF. oscltamivie.

100 -and 300 -.

- 639.

Significant differences in effects were observed between
saline and the 100mg (p<0.05) and 300 mg/kg (p<0.01)
groups (multiple r-test with Bonferroni correction).

Oral administration of OP (100. 300, 1000 mg/kg) also
lowered the core body temperature in a dose-dependent man--
ner (Fig. 2). Saline lowered the body temperature, but signifi-

mg/kg, p.o. (Fig. 2, multiple #-test with Bonferroni correc-
tion). When non-corrected Student’s r-test was employed, the
effect of 100 mg/kg OP was statistically smmﬁcant at some
time points (Fig. 2). The peak effects were observed at 30—

“60min after administration, and recovery was not evident

at 2h after administration. AUCs‘,_,.,‘,mm of hypothermia
(A°CXmin)- values were: —93.9%109 (#=8) (saline). -
~149.5£27.9 (100 mg/kg). —219.2+51.3 (300 mgrkg) and
~300.6+39.0 (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 s~test with. Bonferroni correc-
tion). Non-corrected.- Student’s s-test showed the same de-
grees of significance as those from the multiple r-test. When =~ -
compared by peak effects, approximately triple doses of oral .
oseltamivir were needed to produce the same peak effects as
mtrapentoneal oseltammr.

Hypothermia. (A °C)

*¥ .
ine *x *
~B- OP 100 mg/kg - *¥
~-&~ OP 300 mg/kg .
--9-> OP 3000 ma/kg _
-4 ¥ T v
30 0 30 60

Time ([_I!iﬂ).

Fig. 2. Osckammf (100—1000mg.| i\L p.0.)- Decreases Core Body Tem-
perature in a Dose-Dependent Manner in Mice

90 120 -

Each point represents the mean=S.E.M. of $ mice. ‘Onfinate: decrease in body em

peaature from the bascline (mwan of —30- - Omin). Ab;c\ss:. time in minutes.afier ad-
ministration of the drug. s p<0.05 and °v n<0.0) e f-test by
test values), - p<0.03 (ron-corrected Student's -test was apphcd 10 those groups (see
Materinls and: Methous) . OP: oschamivir. . :
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- Fig. 3. Zamamivir (100 300 mg‘ke. i.p.) Docs Not Alter Core Bodv Tem-

perature in Mice - )

Each point represents the mean>S.EM. of 6 mice. Ordinate: de\:nr.:sc»jn body tem-
perature from she bascline (mean of —30-—0min). Abscissa: fime in minutes afier ad-
ministration of the drug. No significant differances were seen by miltiple r-1est or Stu-
dent’s -test. Zana, zanamivir,
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. Effects of Zanamivir on Core Body Temperature
Zanamivir (100. 300 mg/kg, i.p.) slightly fowered the core
body temperature (Fig. 3). No statistical signiﬁcanc,é was ob-
served (multiple s-test with Bonferroni. correction) and Stu-

dent’s r-test).

Effects of Clopidogrel on Hypotheimic_ Effects of OP

Hypotﬁermia (AC)

4 - o & 90

‘Fig. 4. Effects of Clopidozrel (100. 300 mgke. 5.c.) on Hypothermia In-
duced by Oscltamivir (100mgke. ip.) . ;
Each point represents the mean=S:E.M. of 6 mice. Ordinate: decrease’ in body tem-
. perature from the basceline § mean of —30- ~Omink. Abscissa: time in minuwes after ad-
miistration of the oscltamivie: Clopidoare! was administerad at the point shown by the
upward-arrow ¢ — 15 minl. No significant differences were seen by muliple #-test or Stu-
donts £-test. O oseltamivir, Clo. clopidogrel. :

~
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Fig. 5. Effects of Diclofenac on Core Body Temperature and the Interac-
- tion with Oschamivir ’

Diclofenac { 1—30mg kg. i.p.} docs not alter care body temperature in mice (A). Di-
clofenac (30. 60 mg-kz. s.c.} docs not affeet the hypothermic effeats of oscltaminir (100
mekg. ip.) (B). Each point represents the mean=S.EML of & mice. Ondinutes: de-
creasc in body wemy 2 from the baseline tmean of ~30-—0min (A) and —~40---0
min (B1). Abscissac: time in aficr the ad ation of oschamivir. Diclofenac
was administered at the point shown by the upward arrow { ~ 15 min). *p<0.03 (Aon-
corrected Student’s a3t Dic. dictofenac. :

. p.o. does not affect body temperature in 2dult rats.
‘whereas at 533 mgfkg. p.o. it lowered the body temperature

\ol. 31. No.4

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 Jowered
body temperature, only tended to reduce the hypothermic ef-
~ fects of OP (Fig. 4). '
Effects of Diclofenac on Core Body Temperature and
Its Interaction with OP Diclofenac failed to produce hy-
‘pothermia at doses of 1—30mg/kg. i.p. (Fig. 5A). Since
non-steroidal anii-inflammatory drugs (NSAIDs) are some-
_times 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 latter’s hypother-
mic effects (100 mg/kg. i.p.) (Fig. 5B).

'DISCUSSION

_ Tamiflu interview form and New Drug Application (NDA)
data summary describe that OP at 7.6, 76.1 and 761 mg/ke.

5

"of rats aged 7 or 14d.'"" A recent study by lzumi e al.'” has
provided supplementary data indicating that OP at SO0mg/ke.

“ip. significantly augmented the hypothermic effects of

ethanol in 30-d-old rats. Here. we have demonsirated that OP
alone generates potent hypothermic effects in mice, consis-
tent with our preliminary study obtained using adult rats
(data not shown).

Brain/plasma C, .
tered OP at 10.mg/kg, p.o. were 0.42 and 0.22, respectively.
Thus, it is considered that both OP and OC penetrated the
blood—brain barrier in the present study using a high dose of
OP. Body temperature is usually regulated by opposing con-
trols of heat production and heat loss. The preoptic anterior
"hypothalamus (POAH) is a thermoregulation center.'” The
organurm vasculosum laminae terminalis (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 temperature
.regardless of whether or not the target site of either drug is
located within the blood-brain barrier. :

OP ' (30—300mgkg. i.p. and 100—1000 mgfkg, p.o)

ratios for OP and OC in mice adminis-
%

- dose-dependently lowered the normal core body temperature

“in mice (Figs. 1, 2). The Tamiflu NDA data summary’ de-
scribes very rapid hydrolysis of OP in mice. >V 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 compound OF. However.
a further study using OC powder will be required before a-
final conclusion can be reached. Tamiflu 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 a very high-poly-
mer compound {molecular weight several tens of thousands)
and its molar dose included in a Tamiflu capsule is very low,
it seems unlikely that additives other than OP or OC lowered
the body temperature. Oral saline (10 miskg) administration:
unexpectedly produced hypothermia (Fig. 2). In the prelimi-
nary study (n=6 or 7). oral water administration to fasted
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mice and oral saline administration to nonfasted mice low-
ered the body temperature by about | °C. In addition. inser-
tion alone of an oral probe to the stomach via esophagus pro-
duced mild hypothermia (0.5°C). Although pyrogenic mes-
* sages via peripheral (largely vagal) afferent nerves activated
by the cytokines induces hyperthermic response by direct af-

ferent transmission to the POAH,™ evidences of reflex hy-

pothermia by mechanical vagal afferent stimuli could not be
- found in literatures. Nevertheless, these findings suggest that
mechanical messages from esophagus and stomach via vagal
_ afferents reflexly lower body temperature.

-Zanamivir as well as OC inhibit the influenza urus-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 inhaled (10mg, twice a day) when used for
treatment of humans. After inhalation of zanamivir powder,
. distribution of the drug is restricted to an upper respiratory
tract, a target site of influenza virus. In order to elevate its
plasma concentration, the same doses of zanamivir (100, 300
mg/ke) as OP were intraperitoneally administered. Zanamivir
(100, 300mg/kg, i'p.) did not produce hypothermia (Fig. 3).
From these results, it is considered that hypothermia after OP
administration is not due to neuraminidase inhibition at a
lhermoregulanon center or a peripheral organ that is mvol\ed
in thermoregulation,
CESs are classified into 5 subfamilies (CESI—CES3),
and- CES! is subclassified into ‘CESIA—CESIH.*® The
CESs that hydrolyze OP are suggested to be the CESIA and

CES1B isozymes in human hver and mouse plasma, respec- -
tively.****" Clopidogrel, a substrate of CES1, inhibits the hy- -
drolysis of OP to OC in vitro: hydroly5|s of OP (50 um) is in-

hibited by 5 and 50 A clopidogrel to 50% and 10%. respec-
tively; in human CES|-expressing cells.” /n vivo, a large pro-
portion of clopidogrel is rapidly metabolized by CES to the
" non-active metabolite SR26334 in humans, ™" and T of
the hydrolyzed metabolite SR26334 after oral admlmstranon
of clopidogrel (75mg) is 1.9 h in humans @™ T,
. of its
" metabolite OC is 4 h,**" suggesting that clopidogrel compet-
. itively inhibits the hydrolysis of OP to OC in humans. Clopi-
_dogrel 300 mg/kg, s.c., which alone shghtly lowered body
“temperature and did not affect behavior of mice. tended 10 in-
hibit the hypothermic effects of OP. although not to a signifi-
- cant degree (Fig. 4)..Conversion of OP to'OC is very rapid in -
mouse plasma ‘the ‘concentration of OC after oral OP admin-
istration in mice attains a near C,_, value within 15 min after
_ -administration™ and high amounts of CES are present in
_mouse plasma.’” These ﬁndmas support the negative non-
significant interaction of clopidogrel with OP in the present
in vivo mouse study. The tendency for clopidogrel to exert
inhibitory effects on OP-induced hypotheriia (Fig. 4) and

-the prolonged efféct of OP on temperature (Figs. 1. 2) sug- o
gest that hypotliermia is induced by OC. but hypothermic ef- .
fects induced by OP also cannot be ritled 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 respect.!” -

Diclofenac. a strong NSAID, is used for treating high
fever. A!{!‘.ch‘:h d:c.cfenac GOCS ndt Jower the uOl mal uouy

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

of OP ad- -

oh

rogens: the ED:‘, is 0.13 mg/kg, p.o. in rats.* Voltaren pack-' :
age insert and interview form give a warning of severe hy-
pothermia if used in children and the elderly with high
fever."™"! In this study, very high doses of diclofenac (1—30 -
mg/kg. i.p.) did not decrease the body temperature (Fig. 5A)
‘and at 30 and 60 mg/kg, s.c. it did not interact with the hy-
pothenmc effects of OP (100 mg/ke. i.p. ) (Fig. 5B). Thus, no
drug interaction between diciofenac and OP was evident, at
least in terms of normal body temperature. 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. o
In the present study, intraperitoneal and oral 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.*¥ the antipyretic ef-
fect of OP is considered to be due to not only direct pharma-
cologncal effects on thermoregulation, but also anti-influenza
virus activity. ' .
_ 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 in

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

cases is 40.1% (18/44 cases), and this ratio is higher than .-
those for other adverse reactions (i.e. 16.7% for anaphylaxis °

(6/36 cases)), based on initial data made available to the pub- - .

lic by the MHLW.” Since the body weight of chlldren below-
10 years old is low. it is considered that more severe hy-
pothermia may occur in comparison with that in the elderly -
when heat production decreases or heat loss increases after
OP ingestion. Thus, it is possible that the hypothermic effects
observed in nice are related to the severe hypothermia in hu- .
mans after OP ingestion. Further studies are needed to eluci- =
date the mechanisms of hypothermia in mice and their rela-
tionship to the adverse events reported in humans.

Acknowledgement This work was supported bv a -
Grant- m-Apd for Research at Naooya Cny University.

REFERENCES AND NOTES

Li W. Escarpe P. A.. Eisénberg E. J.. Cundy K. C._ Sweet C.. Jakeman
K. J.. Merson J. Lew W, Williams M.. Zhang L.. Kim C. U.. Bischof-
berger N.. Chen M. S., Mendel D. B, -!mnmcrob Agenss Chemmhvr
"42. 647653 (1998). .
Sidwell R. W.. Huffman J. H.. .Bamard D. L., Bailey K. W.. Wong M:
t. Morrison A., S\ndewnard T.KimC.C.. -!mmral Res 37.107—
120 (1998). \
-3) "Roche Pharma Japan Co.. Intervic jew Form (Tamifly Cs apsuk 7\ and
. Dry Syrup 3%). (in Japanese) (2002). . )
" Roche Pharma Japan Co.. Tamifiu NDA data ary. Doc
absorption. distribution. metabolism and excretion (in Japanese).

h

ts.on

" Available from WEB page -of Japan Pharmacists Education Center. v )

http: “wwwijpec.orjp contentsicO1.link.htm! (2000). .
Nicholson K. G.. Aoki F.Y.. Osterhous A. D.. Trottier S.. Carewicz O..

()
-

1830 (2000).
6)
" Riff D.. Singh S. Kinnersley N.."Ward P Mills R. G., J4)M4, 283.-
1016—1024 (2000).
-MHLW (Ministy of Health, Labour and \\elfam Japan). Public - -
opening data (documents 5-1-1 and 5-2) at-the Meeting for -Safery
Measure: Investigation Council. held on.April 4. 2007. hitpz wwaw,
mhiv.go.jp shingi2007.04'50403-2. html (2007).

n

26

-Mercier C. H.. Rode A.. Kinnersley N., Ward P. Lancet. 353; 1845— . - L

" Treanor J. ). Hayden F. G.. Vrooman P. S., Barbarash R. Bewis R..



3

FDA mw\\- Department of Health and Human Services, Public
Health Service. Food end Drug Administration. Ceater for Drug
Evaluation and Research, One-year post pediatric exclusivity post-

" markéting adverse event review, Drug: oselamivir phosphate, ODS

(%]
.. 15)

6)

17y

18

_ PID# D040223. p21 and 42, hupi/fwww.fda.govfohms/dockets/ac/0S:

bdeﬁng/2005—1180b_06_0l_7amiﬂu‘/620AE_r:vieMpdf (2005).
Shi D., Yang L. Yang D, LeCluyse E. L. Black C.. You L, Akhlaghi
F. Yan B..J Pharmacol. Exp. Therap., 319. 1477—1434 (2006).
Novartis Pharma Co., Japan, Voltaren package insert (Voltaren Tabiet)
{in Japanese). - - o ) .

Novartis Pharma Co.. Japan. Interview Form (Volraren) (in Japanese).
Durcan M. L. Morgan P F,, Eur. [ Pharmacol.. 204, 1520 (1991).
Wallenstein S., Zucker C. L., Fleiss J. L, Circ. Res.. 47, 1—9 (1980).
Nagata Y. Yoshida M_. [Japanese title: Toukeiteki Tajuhikakuhou No
Kiso, English translation: Basis of Statistical Multiple Comparison).
Scicatist Inc.. p. 28 (in Japanese) ( 1997). :
Roche Pharma Japan Co., Tamiflu NDA data summary. Decument
on pharmacology (in Japanese). Available from \WVEB page of
Japan Pharmacists Education Center, hup:/iwww.jpec.or.jp/contents’
cOldink.html (2000).

Chugai Pharmaceutical Ca.. Japan, Tamiflu NDA data summary. Doc-

- ument on toxicity (in Japanese). Available from WEB page of Pharma-
ceuticals and Medical Devices Agency (PMDAY), hitpiwww.info.

pmda.go jp/shinyaku/g0407.html (2004).
tzumi Y., Tokuda K, O'Defl K. A., Zor
Neurosci. Lett.. 426, 54—58 (2007).
Chugai Pharmaceutical Co., Japan; Tamifls NDA data summary. Doc-

ki C. F. Narahashi, T,

- uments on absorption, distribution, metabolisr and excretion, Table

19

- 20y

He-1-1, (in Jopanese) Available from WEB page of Pharmaceuticals /

and Medical. Devices Agency (PMDA), hup:/iwwivinfo.pmda:go.jp
shinynku.‘g()-'mlhtml (2004). ’

Boulant J. A., Chin. nfect. Dis., Suppl. 5. S157—S161 (2000).

Blatteis C. M.. Prog. Brain Res., 91, 409—412 (1992).

23

25}
26)
n

23
29)

30)

27

Vol. 31, No.4 |

Gross P. M., Blasberg R. G.. Fenstermacher 1. D, Patdak C. S.. Bruin .
Res. Bull., 18. 73- -18 (1987).

Gross P M... Prog. Brain Res., 91, 219—233 (1992). .
Chugai Pharmaceutical Co.. Japan. Tamiflu NDA data summary, Doc-
uments on absorption. distribution, metabolism and excretion. Figure
He-1-1 (in Japanese). Available from WEB page of Pharmaceuticals
and Medical Devices -Agency (PMDA). htwp:iwww.info.pmdago.jp’
shinyakw/g0407 tml (2004). . :
Biatteis C. M.. £ Phyvsiol, 526, 470(2000).

Woods J. M.. Betheii R. C.. Coaies & A., Healy N, Hiscox S. A, Peor-
son B. A, Ryan D. M, Ticchurst L. Tilling J.. Walcott S. M. Pean C.
R., Antimicrob. Agents Chemother., 31, 1413—1479.(1993). ]
Satoh T.. Hosokawa M.. Chem. Bicl. Inferact.. 162, 195—211 (2006).
Li B.. Sedlacek M.. Manoharan L. Boopathy R., Duysen E. G-, Mas-

- son P, Lockridge O.. Biochem. Pharmacol..70. 16731681 (2005).
Coukell A. 3. Markham A_. Drugs, 54. 145—750 (1997).

Sanofi Aventis Co.. Japan, Interview Form (Plavix Tablet) (in Japan-
ese). .
Laboratory Sanofi SanteDaiichi Pharmaceutical Co.. Japan, Plavix
Application Data Summary (in Japanese), ‘Available from WEB page
of Pharmaceuticals and Medical Devices Agency (PMDA), hitp:
inwww.info.pmda.go.jp/shinyakuw/g0601 hum! (2004).
Chugai Pharmaccutical Co.. Japan, Tamifiu package insert (Tamiflu
psule 75) (in Jap ) L o
Esser R., Berry C.. Du Z., Dawson J.. Fox A., Fujimoto R. A., Haston
W, Kimble E. F.. Koehler §.. Peppard J., Quadrus E.. Quintavalia J..
Toscano K.. Urban L., van Duzr J.; Zhang X.. Zhou S.. Marshalt P. ..
Br. J. Pharmacol.. 144. 539—550 (2005). " C T

. Kawai N.. tkematsu H., Jwaki N., Maeda T.. Satoh L. Hifotsu N..

Kashiwagi'S.. Clin. Infect. Dis.. 43, 439—344 {2006). - _
Sugava N.. Mitamura K., Yamazaki M. Tamura D.. Ichikawa M..

. Kimura K.. Kawakami C.. Kiso M.. lto M.. Hatakeyama S.. Kawaoka

Y.. Clin. Inflct. Dis.. 44. 197—202 (2007).



28"



_and brain distribution ot ‘'oseltamivir In unweaned rats. led us to

0090-9556/08/3601-6-9$20.00

Druc MetasoLism ano Disposimion ’ ) : Vol. 36, No. |
- Copyright © 2008 by The American Society for Pharmacology and Experimental Therap it . 1769513287995
DMD 36:6-9, 2008 : ’ Printed in USA.

Short CorﬁmunicatiOn

‘.

< DI4747

Oseltamivir (Tamiflu) Efflux Transport at the Blood-Brain Barrier
- via P-Glycoprotein '
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. ABSTRACT:

Oseltamivir (Tamiflu, Roche, Nutley, NJ), an ester-type prodrug of
the anti-influenza drug Re 64-0802 (oseltamivir carboxylate), has
‘been reported to be associated with neuropsychiatric side effects,

* which are likely to be caused by distribution of oseitamivir and/or

its metabolite into the central nervous system. Enhanced:toxicity

hypothesize that the low level of distribution of oseltamivir and/or
Ro 64-0802 in adult brain was caused by the presence of a specific
efflux -transporter at the blood-brain barrier. We examined the -
pdssible role of P-glycoprotein (P-gp) as the determinant of brain
distribution of oseltamivir and Ro 64-0802 both in vitro using LLC-
GAS-COL150 cells, which overexpress human multidrug resistance
‘protein 1 P-gp on the apical membrane, and in vivo using mdri altb

knockout mice. The permeability of ‘oseltamivir in the -baéal-to-

- apical direction was significantly greater than that in the opposite

direction. The directional transport disappeared on addition of
cyclosporin A, a P-gp inhibitor. The brain distribution of oseltamivir
was increased in mdria/ib knockout mice compared with wild-

" type iice. In contrast, negligible transport of Ro 64-0802 by P-gp

was. observed in both In vitro and in vivo studies. These results '

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

Accordingly, low levels of P-gp activity or drug-drug interactions at
P-gp may lead to enhanced braih accumulation of oseltamivir, and
this may in turn account for the central nervous system effects of

" oseltamivir observed in some patients.

Oseltamivir phosphate (oseltamivir) (Fig. 1), maimfactured 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 antj-influenza drug amantadine is used only for
the A strain. However, the drug exhibits several adverse effects, not only
in the digestive s'ysiem (abdominalgia, diarthea, and n'ausea)' but also in
the central nervous system (CNS); the latter include ‘headache, vertigo,
somnolence, insomnia, ‘numbness,. and behavioral exciternent (basic
product information of Tamiflu from Roche). Recently, there has been
concem that the drug may be associated with suicidal -or abnormal
behavior especially in younger patients (ht}p://www.fda.gov/cderldmg/
infopage/iamiflu/QA20051117.him and hitp://www.mhlw.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 only mentions that the safety in the patients is not con-
firmed and includes the caution that administration to patients 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 and/or
its metabolite(s) into.the CNS through the blood-brain barrier (BBB).
When oseltamivir was administered to rats at the high dose of 1000
mg/kg 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 grea(er than that in 43-day-old ones, whereas the brain concen-
tration of the active metabolite Ro 640802 was lower than the

Article, publication date, and citation information can be found at
http://dmd.aspetjournals.org.
doi:10.1124/dmd.107.017699.

plasma concentration in all the groups. In addition, brain unchanged
drug concentration-dependent toxicity was observed (basic product
information: of Tamiflu from Roche). Those reports suggested that
oseltarnivir causes CNS 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. Prug concen-
tration in the brain may be determined not only by passive diffusion -

“but also by active transport and/or specific accumulation. Accord-

ingly, BBB function is partially maintained by efflux transporters such
as P-glycoprotein (P-gp), which is expressed at the luminal membrane
in brain capillaries. Several P-gp substrates are known to exhibit low
apparent permeability from the blood to the brain. Permeation of these
P-gp substrates .into- the brain is increased in animals in which P-gp
activity is reduced or abrogated, e.g., as a result of drug-drug inter-
action, mdrla/1b deficiency (mdrla/lb™'" wiice), or immature BBB
function (Tsuji, 1998; Demeule et al., 2002; Ebinger and Uhr, 2006).
In the present study, we examined whether oseltamivir and its active
metabolite Ro, 64--0802 are substrates of P-gp, using P-gp-overex-
pressing cells and mdrla/lb knockout mice, to clarify the possible
involvement of P-gp in controlling their brain distribution.

Materials and Methods

Chemicals and Animals. Oseltamivir phosphate was purchased from Se-
quoia Research Products (Pangboume, UK). Ro 640802 was biologicaily
synthesized from oseltamivir using porcine liver esterase (Sigma, St. Louis,

- MO). All the other chemicals and solvents were cominercial 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-GAS-COL150 cells were obtained from Japan Health

ABBREVIATIONS: CNS, central nervous system; BBB, blood-brain barrier; P-gp.

chromatography.

HPLC, high-performance liguid
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'R0 64-0802 " H —

" Fia. 1.. Chemical structures of oseltamivir. phosphatc and its active metabolite Ro
64-0802.

" Science Research Resources Bank (Osaka, Japan) and Riken Gene Bank
(Tsukuba, japan), respectively (Tanigawara et al., 1992; Ueda et al,, 1992).
The animal study was performed according to the Guidelines for the Care and

- Useof Labomtory Animals at the Takasaki Univessity- of Health and Welfare
and approved by the Commmoe of Ethies of Animal Expenmcntauon of the

. university, Male FVB wild-type thice and mdrla/tb knockout mice were
purchased from Tacomc ‘Farms (Gen'nantown NY) and used at 8 10.9 weeks
of age.

Cell Culture and Transport Experiments. LLC- PKl and LLC-GAS-
COL150 cells were cultured, passaged, and grown as described previously
(Ishiguro et al., 2004). Cells were cultured at 37°C in a 5% CO, atmosphere.

- For transport siudies, cells were seeded onto Transwell filter membrane inserts

- (Costar, Bedford, MA) at a density of 2.5 X 10° cells/cm® Medium. 199
supplemented with 10% fetal bovine serum, 14.3 mM NaHCO,, and 2 mM
L<glutam1ne (additionally, 150 ng/m! colchicine for LLC-GA5-COL150 cells)
was used as cultore medium. The culture medium was replaced with fresh
medium after 2 days, and cell monolayers cultured for 5 days were used for

. transport studies. The cell monolayers were prem(:ubated in transport medium

(Hanks’ balanced.salt solution; 0.952 mM CaCl,, 5.36 mM KCJ, 0.441- mM .

KH,PO,, 0.812 mM MgS0,, 136.7 mM NaCl, 0.385 mM Na,HPO,, 25 mM
o-glucose; and. 10 mM HEPES, pH 7.4) for 10 min at 37°C. After preincuba-

- tion, transport was initiated by adding the' test drug to the donor side and
transport ‘medium to the receiver side. Drug transport was observed in two
directions fapical (A) to basal (B) and B to A) over 150 min at-37°C. The
permeability (P, ., tVs) of the compounds across cell monolayers was eval-
uated by dividing the slope of the tife course of the transport from A 0 B or
from B to A ‘by -concentration at the :donor side as P, ..p) OF Pppmary
respectively. The permeability ratic was obtained by dividing P, ua, by
Ppptany Kinetic parameters, V., and apparent K, for P-gp-mediated drug
transport were calculated by nonlinear least-squares analysis (MULTI pro-
gram) using the following equation, assuming that A to B flux (V) can be
expressed .as the difference between .passive (Vpp) and P-gp-mediated flux
(Vo.g) (Yamaoka et al., 1981; Shirasaka et al., 2007).

) ) . o Vous * Ca
N Vis = Vpo“ Vp.gp=f’_=ppm's'-ca~—m— (1)
where P, e 18 the membrane pen'ncab)lity by passive diffusion (P, wop.b0> OF
the -test compounds in monolayers can be evaluated by usmg potent P-gp
inhibitor, cyclosporin A (10 ;LM)l, and C, is the drug concentration in the

apical solution. K,, value re_presem_s the aplcal concentration of the drug at

which the decreased permeability by P—gp~mcdiated efflux became half of its

maximal value. -
Brain Distribution of Oselmmivir. Oseltamivir was d:ssolved in‘'water and
) admmr;ten:d 10 FVB mice and mdr1a/1b knockeut mice at. single oral doses of
30, IVU, and 300 m uny H -uvnb {(eachn =3) LAt haler \’J'GSli‘pa’ (-,or‘espaﬁang
o 7,,..) (Lietal., 1998), blood was withdrawn from the heart with heparinized
" syringes. Subsequently, residual systemic blood was washed out by 3 mil of
“-saline that was injected from the heart and discharged by cutting abdominal

vein, and then the brain was removed. Blood was centriluged (1700g) for {5

30

mia at 4°C to obtain plasma. Quantitation of oseltamivir and Ro 64—0802 in
plasma and brain tissues was performed using reported methods (Wiltshire et -
al., 2000) with some modifications. Briefly, aliquots of brain tissues (100 mg) -
were homogenized with 1 ml of 5 mM ammonivm acetate buffer, followed by

- centrifugation at 1700g, and 0.9 mi of the supernatant was subjected to.

sofid-phase extraction (Empore Mixed Phase Cation, 7 mm/3 ml, 3M Bioana-
lytical Technologies, St. Paul, MN). The methods used for the extraction of .’
plasma and brain homogenate were identical.

Analytical Methods. Aliquots (20 pl) of oseltamivir and Ro 64-0802 -
samples were injected into an HPLC system (LC-20A system, Shimadzu,
Kyoto, Japan) equipped with Inertsil CN-3 column (4.6 X 100 mm, 5 mm, GL.
Sciences Inc., Tokyo, Japan) using isocratic elution at 0.5 m{/min with 80 mM:
formic acid. Analytes were detected using a quadrupole mass spectrometer
(LCMS-2010EV, Shimadzu) fitted with an electrospray ionization source.
Analytes were detected in the positive mode, and protonated molecular ions
monitored were m/z = 313 for oseltamivir and mfz = 285 for Ro 64—0802. .

" Some oseltamivir samples were analyzed with an HPLC system (Alliance.

System, Waters, Milford, MA) consisting of the 2690 separation module with
an analytical column, 250 X 4.6-mm i.d. Mightysil RP-18 Aqua columa’.
(Kanto Chemical, Tokyo, Japin), and mobile phases consisting of a mixture of
10 mM phosphate buffer, pH 6.0, and me(hanol in ratios of 40 and 60%, at a -
flow rate of 1 mUmin and at 40°C. Detection was done at the wavelength of
230 nm with a 2487 dual-wavelength absorption detector (Waters). Samples
for calibration were. prepared in a similar manner to that described above for

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

was pcrfbr_med by means of Student’s ¢ test. A difference between means was
considered to be significant when the P vatue was less than 0.05.

- Results and Discussion

In the present study, we examined the transport of oseltamivir and - -
its active metabolite Ro 640802 via P-gp using P-gp-overexpressing
cells and mdria/lb gene-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-COL150
cells was significantly higher than that in the opposite direction,
whereas the permeability in wild-type cells was comparable in the two
directions, with thepermeabiﬁty ratios of approximately 7.8 and 1.2
in LLC-GAS5-COL150 and wild-type cells, respectively (Table 1). 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, and its overall. perme-

ability is significantly affected by the efflux transporter. When osel-. S

tamivir was administered at various doses to.mdrla/lb knockout mice,

an increase in the accumulatico of oseltamlvnr in_the brain was - '
. observed compared with that in-wild-type mice (Table 2). Therefore, - -
it is likely that brain distribution of oseltamivir js controlled by P-gp. . '

Basal-to-apical- transport of oseltamivir in P-gp-overexpressing cells
was saturable with the X, and V,, values of 1.3 mM and 0.203"

. nmol/min/cm?, respectively. Because the K, value is much h|gher

than the free plasma concentration of osc]tamlvn' in the clinical
situation (about 50 nM; basic product information of Tamiflu from
Raoche), it is reasonable to consider that P-gp is not saturated by usual

" clinical doses of oseltamivir, and the brain accumulation of oseltami-

vir should be affected by P-gp in humans. These results suggest that - -

" variation in P-gp activity in the brain resulting from: genetic differ-

ences or coadministered drugs may affect the brain distribution of )

oseltamivir, leading to CNS side effects. . ’
As shown in Table 2, a dose-dependent increase in the K, ., “value ,

of oseltamivir was observed in both mdrla/1b knockout and wild-type

. mice, in the range from 30 mg/kg to the highest dose of 300 mg/kg.

The K .oop rat{o (K s.npp value in knockout mice/K, .., value in wild-
type mice) of oseltamivir was also increased in a dose-dependent
wanper. The dose-dependentincrease of K, ., value of oseltamivir in

wild-type mice may be explainad by the saturation of P—Dp However,
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) TABLE1 L B
Apparent permealiility and permeability ratio of oseltamivir and Ro 640802 in lLCPKI-GAS-COLISO and LLC-PKI cells (wild-type)
Condition Celf Linc P o3 (X107%) Pecmeability Ratio
Apical o Basal Basal to Apleal °
. mean. T S.E -mean % S.E L
Oseltamivic LLCPKI-GAS-COLIS0 247 £247 192 £ 140 wm
Wild-type 6.10+0.18 7.24 £040 119
With 10. #M CysA LLCPK1-GAS-COL150 6.06 +0.10 7.06 = 0.60 | BY)
.Ro 64-0802 LLCPK1-GAS-COL150 155014 1.72 £ 0.4 L1
with 10 M CysA LLCPKI-GAS-COL150 1.73 £ 0.06 1.49 £ 007 0.86
Permeability o0 = (Pipps B 90 AWPigps A 1o BY; CysA, cyclosporin A. )
miﬁﬁdmmwmmmmmm. .
Dawacexpmedﬁmnormnts._ﬁ.ofm:xpedmnls.
. TABLE 2 _
Koopp (plasmé—bmin concentration ratio) of oseltamivir and Ro 64—0802 between mdrla/lb kr{ockout and wild-type mice
Dose N Oseltamivie ' Ro 64-0802
- Mdrlaltb KO Wild-type Ratio Mdsta/tb KO Wild-type Ratio
mgkg . mean * S.E. mean * S.E. KOtwild mean * S.E mean * S.E. ROMild
30 . 3 0.647 £-0.059™" 0.137 £ 0.016 47 0.003 * 0.005 0.005 * 0.005 03
.100 3 0.847 * 0.176* 0.171 * 0.056 49 0.007 = 0.001 0.016 £ 0.013 0.4
300 3 6.505 - 2.843 - 0.689 * 0.250 9.6 0.017 £ 0002 - 0.022 = 0.003 0.5
KO, knockout. - - )
X were measured at 1 h (T,,,) afier p.o. administration to mdrta/1b KO and wild-type mice.
Eaich value represents the mean * S.E. of three animals. .

*p <005 ** P < 0.01, by Student’s # test.

b vailue of oseltamivir in mdrlé/ b knockout mice also increased
-dose-dependently. Because this observation cannot be explained by
P-gp, other transporters may be involved in the transport of oseltami-
vir across thie BBB (Hill et-al.,, 2002). Another possibility is that free
_fraction of oseltamivir, which would affect the brain penetration, was
incregséd because of the saturation of its plasma protein binding.
However: because plasma protéin binding of oseltamivir administered
orally at 30 and 300 mg/kg (corresponding to plasma concentration of
0.5 and 5 mg/ml, rcspectiyel'y) was found to be 36.3 and 32.0%,
respectively.(data not shown), it is reasonable to consider that plasma
protein binding of oseltamivir is not saturated in this dosing range. On
the other hand, plasma concentrations of oseltamivir were comparable
in mdrla/tb knockout mice and wild-type mice after oral administra-
tion of oseltamivir; those at a dose of 30, 100, and 300 mg/kg were
1.05 = 0.21, 3.80 % 1.89, and 2.82  0.67 pg/ml for wild-type mice
and 0.95 = 0.09, 4.02 * 047, and 2.27 % 0.61 ug/ml for mdrla/1b
knockout mice, respectively. This may be because the elimination of
oseltamivir occurs mainly via hydrolysis by esterase in blood and
liver, and intestinal P-gp may have relatively litde effect than BBB (Li
ct al., 1998; Ogihara et al., 2006). )

[n the case of the active metabolite Ro 640802, the permeability
in LLC-GAS-COL150 cells was comparable in both directions. The
* permeability ratio of Ro 640802 was approximately unity in both the
.~ presence and absence of cyclosporin A, suggesting that the active
- metabolite is not a substrate of P-gp (Table 1). These results are

consistent with the finding that brain accumulation of Ro 64-0802 in
mdrla/1b knockout 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 indicate that oselta-
rmivir, but not its active metabolite.Ro 64 -0802, is a substrate of P-gp
and that the brain distribution of oseltamivir is significantly affected
* by P-gp. Accordingly, interindividual variation of P-gp activity may
be an important factor determining susceptibility to the CNS side
effects of this drug, in addition to the genetic potymorphisms of

K

carboxylesterase |1 (Shi et al., 2006) and sialidase (Li et al., 2007).
Various -factors, such as genetic polymorphisms of P-gp, drug-drug
interactions at P-gp, and altered expression by inflammatory cyto-.
kiries, could influence apparent P-gp activity and therefore might play
a 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: ' )
Oseltamivir is an ethyl ester prodrug of [3R,4R,55]-4-acetamido-5-
. amino-3-{1-ethylpropoxy)-1-cyclohexene-1-carboxylate  phosphate
". (Ro 64-0802), the anti-influenza’ drug. Abnoi'mal behavior has been
~suspected to be associated with oseltamivir medication in Japan. The
purpose of the present study is to.examine the involvement of trans-
. porters in the brain distribution of oseltamivir and its active form Ro
64-0802 across the blood-brain barier (BBB). The brain-to-plasma
concentration ratio (K, s Of Oseltamivir after Lv. infusion of osel-
tamivir in FVB mice was increased by pretreatment with N-{4-[2-
{1 ,2,3,4—tetrahydro-G,7~dimethoxy—z-isoquinolinyl)ethyl]—phenyl)—Q,.10-
' dihydro-5-methoxy-8-oxo-4-acridine carboxamide (GF120918), a dual .
inhibitor for P-glycoprotein (P-gp) and breast cancer resistance pro-
tein (Berp), whereas that of Ro 64-0802 was only slightly increased.
v‘Fur.thermbre, the. distribution volume of Ro 64-0802 following i.v.
" administration of Ro 64-0802 in the brain was similar to the capillary

volurie, suggesting its minimal distribution. The'-Km,. value of os-
eltamivir in' multidrug-resistant (Mdr) 1a/1b P-gp knockout mice was
6.5-fold higher than that in wild-type mice .and comparable with that
obtained by pretreatment with GF120918, whereas it was unchanged
in Berp knockout mice. The K, e, Value of oseltamivir was signifi-
cantly higher in newborn rats, which Is in good agreement with the
ontogenetic expression profile of P-gp. Intracellular accumulation of
oseltamivir was lower in. human and mouse _P—gp—expressing cells,
which was reversed by P-gp inhibitor valspodar (PSC833). These -
results suggest that P-gp limits the brain uptake-of oseltamivir atthe’
BBB and that Ro 84-0802 itself barely crosses the BBB. However, it ’

.may be possible that Ro 64-0802 is formed in thé-brain from the

oseltamivir, considering the presence of carboxylestérase in the brain
endothelial cells.

Oseltamivir (Fig. 1) is an ester prodrug of Ro 64-0802, a potent and
selective inhibitor of neuraminidase, resulting in an inhibition of
release of influenza virus from the host cells and growth of influenza
virus. Oseltamivir is used in the treatment and prophylaxis of both
Influenzavirus A and Influenzavirus B (Bardsley-Elliot and Noble,
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 oseltamivir (hitp://www.fda.gov/cder/
. drug/infopageltamiﬂu/QAZOOSll17.htm; Fuyuno, 2007). According

_to 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-Aid for Scientific Research (A) from the
* _ Japan Society for the Promotion of Science (JSPS) (KAKENHI 172090085). .
Article, publication date, and citation information can be found at
http://dmd.aspetjournals.org.
doi:10.1124/dmd.107.018556.

has increased to 211 (0.002% of all patients), approximately 80% of

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

* and Ro 64-0802 exhibits 30 times more potent than oseltamivir (lzumi
et al., 2007). Based on this background, there is growing interestin-the

penetration of oseltamivir and its active form' Ro 64-0302 into the
brain. :

The purpose of the present study was to characterize the transpoit
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 carboxylesterase | (hCES1) in the liver (Shi et al., 2006) and
then exclusively excreted into the urine by glomerular filtration and
active tubular secretion via organic anion transporter 1 (OAT1) with-

Y

ABBREVIATIONS: Ro 64-0802, [3R,4R,5S)-4-acetamido-5-amino-3-(1 -ethylpropoxy)-1-cyclohexene-1-carboxylate phosphate; BBB, blood-
brain barrier; RCES1, human carboxylesterase 1; OAT, organic anion transporter; P-gp, P-glycoprotein; Berp, breast cadncer resistance protein;
© GF120818, N-{4-[2-(1,2,3,4-tetrahydro-6,7-dimethoxy-2-isoquinolinylethyl]-pheny-9,1 0-dihydro-5-methoxy-9-oxo-4-acridine carboxamide; MDR,
muitidrug-resistant; PSC833, vaispodar; mMdria-LLC-PK1, mouse Mcria-expressed LLC-PK1; MDCKH, Madin-Darby canine kidney }I; h\MDR1-
MOCK, human MDR1-expressed MDCKI; 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; Kn.oeaine brain-to-plasma concentration ratio; CES, carboxylesterase; 'SNP, single nucieotide poiymorphism. .
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Flb. 1. Chemical strucmm of oseltamivir- {A) and Ro 64-0802 (B)

out further metabolism (He et al;, 1999). In healthy volun(cers. both
-oseltamivir and Ro 64-0802 were detected in the blood circulation,
although the C,,,, of 'ovseltamivir 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 endothelial cells.
Because of! ‘highly developed tight junctions between adjacent cells, as
-well as apaucity of fenestra and pinecytotic vesicles, the penetration
across the paracellular route is very limited, and thus transcellular
transport across the endothelial cells is the major pathway. Therefore,

‘there is a good correlation between BBB permeability and lipophilic-
ity. Because oseltamivir ‘is an- ester-type prodrug, it should exhibit

" higher BBB permeability than Ro.64-0802. hCES1 is also expressed °

in the brain at mRNA level (Satoh et al., 2002) and may convert
_-oseltamivir to Ro 64-0802 in the brain, leading to an accumulation of
Ro'64-0802 in the brain once oseltamivir penetrates the brain-across
the BBB in addition to the direct penetration of Ro 64-0802 from the
systemic circulation. In addition to the. physiclogical characteristics of
the BBB, it has been accepted that active efflux across the BBB also
provides a barrier function to the BBB. P-glycoprotein (P—gp),
170-kDa membrane protein, is a well known gatekeeper protein in the
BBB that plays a pivotal role in limiting the brain penetration of a
range of xenobiotic compounds (Schinkel et al., 1994; Tamai and
Tsuji, 2000; Kusuhara and Sugiyama, 2001). In addition to P-gp,
recently it was found that breast cancer resistance protein -(BCRP/.
' ABCG2) also acts as active efflux pump in the BBB and functional

impairment of Bcrp results: in -a significant lncrease in the brain

concentrations of imatinib (Breedveld et al., 2005) and phytoestrogens

(Enokizono et al., 2007). These transporters may lirnit the exposure of
the brain to oseltamivir and/or Ro 64-0802.-

in.the present s(udy, the effect of GF120918 on the brais dxsmbu-

tion of-oseltamivir and Ro 64-0802 was examined in wild-type mice

* to suggest transporters involved m_thc efflux transport across the.

" BBB. Taq support this in vivo inhibition study, the brain-to-plasma

conicentration ratios were determined in both mulndrug-resxstam
(Mdr) 1a/1b P-gp zmd Berp knockout mice.

Matenals and Methods

Reagems and Animals. Oseltamivir phosphate and its active mctabohte Ro.
64-0802 were synthesized (Kim et al,, 1997; Yamatsugu ‘et al., 2007).
GF120918 (Elacridar) was a gift from GlaxoSmnthKlme (Ware, UK). PSC833
‘'was supplied by Novartis Pharma AG (Bascl Switzerland). Mouse Mdrla-
expressed LLC-PK1 (derla—LLC PK1) cells (Schinkel et al., 1995) were a-
gitt from Dr. Alfred H. Schinke} (The. thhcrlands Cancer Institute, Amster—
dam, The ‘Netherlands), and human MDRI*exprcssed Madin-Darby canine
kidney 11 (MDCKID (hMDRI-MDCKIl) cells (Evers et al., 2000) were pro-.

vided by Dr. Piet Borst (Tne Netherlands Cancer institute, Amsterdam, The .

Netherlands). Al the other chemicals used in the experiments weee of analyt-

ical grade.’
Male FVB mice, Mdr)a/lb P-gp knockoul mice, ..md Berp knockout mice

were obtained from Taconic Farms (Germantown, NY) and maintained in
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Shimizu Laboratory Supplies (Kyoto, Japan). Male Wistar rats were supplied
by Charles River (Kanagawa, Japan). All the mice (10-18 weeks) and rats
(3-42 days) were maintained under standard conditions with a reverse dark- .
light cycle. Food and water were available ad libitum. All the experiments’
using animals in this study were carried out according to the guidelines
provided by the institutional Animai Care Committee (Graduate Schooi of
Pharmaceutical Sciences, The University of Tokyo, Tokyo, Japan).

In Vivo Infusion Study in Mice and Rats. Male FVB mice, Mdrlallb
P-gp knockout mice, and Berp knockout mice (10~18 weeks) weighing ap-
proximately 25 to 35 g and male Wistar rats weighing approximately 10 g -
(3 days), 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 a polyethylene-10 cathicter
for the injection of oseltamivir and Ro 64-0802. GF120918 (10 mg/3.3 mi/kg,
dissolved in a 3:2 mixture of propylene glycol/water) was injected i.v. to male A
FVB mice 15 min before the i.v. infusion of oseltamivir and Ro' 64-0802. The .
mice and sats then received a constant i.v..infusion of oseltamivir and Ro
64-0802 at a dose of 8 and 5 umol/h/kg, respectively. Blood samples were . -
collected from the jugular vein at 60, 90, aud 120 min in mice and 20, 40, and
60 min in rats. Plasma was prepared by centrifugation of the blood samples
(10,000g). Esterase inhibitor, dichlorvos (200 pg/ml), was used to prevent ex

- vivo hydrolysis of oseltamivir to Ro 64-0802 in the blood and plasma (Wilt-

shire et al., 2000; Lindegardh et al., 2006). The mice and rats were sacrificed:

 after 120 and 60 min, respectively, and the brain was excised immediately. The -

tissues were weighed and stored at ~80°C until used. :

Quantification of Mdrla mRNA Exprossnon in Rat Cerebral Cortex.
‘The mRNA levels of Mdrla and vlyocraldehydc—S-phosphate dehydrogenase
(gapdh) were quantified by the real-time polymerase chain reaction (PCR)
method. Total RNA was isolated from rat cerebral cortex pooled from one to
four rats using ISOGEN (Wako Pure Chemicals, Osaka, Japan). Real-time
PCR was performed with a QuantiTect SYBR Green PCR Kit (QIAGEN,
Valencia, CA) and a LightCycler system (Roche Diagnostics, Mannheim,.
Germany). The following primers were designed: Mdrla forward AACT-
TAGTCTATGGG GGAGG, reverse ACCACACCTTTCTGCTTACA; gapdh
forward AGCCCAGAACATCATCCCTG, reverse CACCACCTTCTTGAT-
GTCATC. An external standard curve was generated by dilution of the target
PCR product, which was purified by agarose gel electrophoresis. The absolute.
concentration of the external standard was measured with PicoGreen double-
stranded DNA Quanuﬁcatxon, Reagent (Molecular Probes Eugene, OR).

Western Blot Analysis. Crude membranes from rat cerebral cortex were
prepared as follows. After the addition of cold phosphate-buffered saline (PBS)
at a ratio of 1 g of cerebral cortex/4 ml, the cerebral coftex pooled from one -
to four rats, was homogenized using a Polytron homogenizer. The homogenate
was centrifuged at 4°C for 15 min at 2000g, and the supernatant was collected

‘and centrifuged at 4°C for 15 min at 100,000g. The resultant pellet was

resuspended in PBS containing 0.1% protease inhibitor mixture (Sigma-Al- -
drich, St. Louis, MO) and stored at ~80°C unti) used. The protein concentra-

 tion was measured by the Lowry method. The specimens were loaded onto ani

8.5% SDS-polyacrylamide gel electrophoresis with a 3.75% stacking gel. -
Proteins were electroblotted onto a polyvinylidene difluoride membrane (Patl,
Port Washington, NY). The membrane was blocked with Tris-buffered saline -
containing 0.05% Tween 20 (TBST) and 2.5% enhanced chemiluminescence
(ECL) Advance Blocking Agent (GE Healthcare, -Little Chalfont, Bucking- -
hamshire, UK) for 1 h at room temperature. After washing with TBST, the

- miembrane was incubated with monoclonal anti-P-gp C219 antibody (Signet

Laboratories, Dedham, MA) (1:100 in TBST containing 2.5% ECL Advance
Blocking Agent) overnight at 4°C. Detection was carried out by binding a
horseradish peroxidase-labeled anti-mouse 1gG antibody (GE Healthcare) (1:°
5000 in TBST containing 2.5% ECL Advance Blocking Agent). Immunore-
activity was detected with an ECL Advance Western Blotting Detection Kit .
(GE Healthcare). The intensity of the band was quantified by Multi Gaugel

“software version 2.0 (Fujifilm, Tokyo, Japan). Suipping of membranes was
performed with Restore Western Blot Stripping buffer (Pierce, Rockford, IL) ~

for 30 min at 37°C. After washing with TBST, the membrane was blocked with
TBST containing 5% skim milk for | h at room temperature. After washing
with TBST, the membrane was incubated with monoclonal anti-actin antibody
(Chemicon International, Temecula, CA) (1:1000 in TBST coataining 0.1%
bovine serum albumin) for 1 h at room lcmperuuirc. Detection was carried out
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by binding a horseradish peroxidase-labeled anti-mouse IgG antibody (GE
Healthcare) (1:5600 in TBST containing 0.1% bovine.serum albumin).

Rat Liver S9 Fraction Preparation. Male Wistar rats (11 and 42 days)
were anesthetized with ether, and their livers were quickly removed and
washed in cold PBS. The livers were blotted dry and weighed. After the
addition-of cold PBS at a ratio of I g of liver/2 ml, the livers were homogenized
using & glass homogenizer with 2 Teflen (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 in several polypropylene
tubes and stored at —80°C until used. The protein concentration was measured -
by the Lowry method. o
" Ro 64-0802 Formation in Rat Plasma and Liver S9 Specimens. A 0.5-mi
incubation mixture contained 2.5 mg of protein of cat plasma or liver 89 in

_ PBS. After temperature equilibration (37°C, 5 min), the incubaticn was started
by adding 5 gl of oseltamivir (final 1.5 M) and performed for various time

_ periods up to 30 and 180 min for plasma and liver S9, respectively. After the

. reaction was terminated by ethanol, the concentrations of oseltamivir and Re
_64-0802 were.determined with liquid chromatography/mass spectrometry (LC/
MS) analysis. o ] v .

" Ro 64-0802 formation sates in the plasma protein or liver S9 protein were

. extrapolated to the in vivo value by taking the plasma protein content (50 mg

" of plasma protein/mt) or liver 9 protein content (96.1 mg of S9 protein/g
liver) (lzumi et al., 1997) per milliliter plasma or gram liver, respectively, into
consideration. Furthermore; Ro 64-0802 formation rates expressed per milli-
liter ptasma or gram liver were expressed per kilogram bady weight by taking
the plasma content (38.5 mt of plasma/kg weight) or liver weight (40 g of
liver/kg weight) per kilogram body weight into consideration. -

Cellular Accumulation Studies. mMdrla-LLC-PK1 cells and hMDR1-
MDCKi1 celis were maintained as described with minor modifications. Uptake
was initiated by adding the compounds to the incubating buffer in cither the
presence or the absence of S uM PSCB33 after cells had been washed twice
and preincubated with Krebs-Henseleit butfer at 37°C for 15 min. The Krebs-

leit butfer consisted of 142 mM NaCl, 23.8 mM NaHCO,, 4.83 mM
KCl, 0.96 mM KH,PO,, 1.20 mM MgS0O,, 12.5 mM HEPES, 5 mM glucose,
‘and 1.53 mM CaCl, adjusted to pH 7.4. The uptake was terminated at
designated times by adding ice-cold Krebs-Henseleit buffer, and the cells were.
washed twice. After the cells were suspended in water, the concentration.of the
compounds was determined with LC/MS analysis. The protein concentration
was measured using the Lowry method. Cellular uptake is given as the
cell-to-medium concentration ratio determined as the amount of compound'
associated with cells divided by the medium concentration. .

. Quantification of Oseltamivir and Ro 64-0802 in Plasma 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 1) were mixed with 40
‘11 of ethanol, and the brain homogenates (100 ul) were mixed with 400 ! of
ethanol. All these mixed solutions were centrifuged at 15,000g for 10 min. The
stxpanatanté' of brain sample (350 pl) were cvéborated, and the pellets were
teconstituted with 50 g2l of 20% ethanol. The reconstituted samples. were centri-

" fuged at 15,000g for 10 min to. remove particles, and an aliquot of the supernatant
was subjected to LC/MS analysis. The supernatants of plasma sample were mixed
with an equal voluree of water and subjected to LC/MS analysis.

LC/MS analysis. An LC/IMS-2010 EV .equipped with a Prominence LC
system (Shimadzu, Kyoto, japan) was used for the analysis. Samples were
separated on a CAPCELL PAK C18 MGH column (3 um, 2 X 50 mm)

" (Shiseido, Tokyo, Japan) in binary gradient mode with flow rate at 1 mi/min.

" For the mobile phase, 0.05% tormic acid and acetonitrile were used. The -

acetonitrile concentration was initially 10% and then linearly increased up to '

40% over 2 min. Finally, the column was re-equilibrated at an acetonitrile

concentration of 10% for 3 min. The total run time was S min. Oseltamivir and

Ro 64-0802 were eluted al 2.5 and 3.5 min, respectively. In the mass analysis,

oseltamivir and Ro 64-0802 were detected at a mass-to-charge ratio of 313.20

and 285.15 under positive electron spray ionization conditions, respectively.

The interface voltage was —3.5 kV, and the ncbulizer gas (N,) flow was 1.5

Vmin. The heat block and curved desolvation line temperatures were 200 and

150°C, respectively. )
Pharmacoekinetic Analysis. The apparent brain-to-plasma concentration

ratio (K pein) WAS calculated using the following equation: K. i = Cinan/ Cor

where C,,.,, and €, represent brain conceniration at 120 min in mice and 60
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min in rats (nmol/g brain) and plasma concentration at 120 min in mice and 60

min in rats (uM), respectively.
Statistical Analysis. Data are prescoted as the mean. * S:E. for three to

seven animals unless specified otherwise. Student’s two-tailed unpaired ¢ test

and one-way analysis of variance followed by Tukey’s multiple comparison
test or Dunnett’s multiple comparison test were used to. identify significant
differences between groups when appropriate. Statistical significance was set

. at P <005.. » -

Results

" Effect of Pretreatment with GF120918 on the Brain Distriba-
tion of Oseltamivir and Ro 64-0802. FVB tnice were pretreated with
GF120918 (10 mg/kg, i.v. administration), a dual inhibitor for P-gp

-and Berp (Allen et al., 1999), 15 min before i.v. infusion of oselta-

mivir. The plasma concentrations of oseltamivir and Ro 64-0802 were
increased by GF120918 (Fig. 2A). Furthermore, the brain-to-plasma
concentration ratio (K, yeain) Of oseltamivir was 4.8-fold increased in
the .GF120918-treated group compared with the control group (Fig.
2B). The K, prin 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, veuin of Ro 64-0802 after dosing
with Ro 64-0802 was also found to be unchanged between GF120918-
treated and control groups (data not shown). :
Effect of P-gp and Berp on the Brain Distribution of Oseltami-

. vir and Ro 64-0802. The plasma concentrations and K gy Of
- oseltamivir and Ro 64-0802 were determined after dosing with osel-

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

- The plasma concentrations of oseltamivir were unchanged between
* wild-type and Mdrla/1b P-gp knockout mice, whereas the K yin Of

oseltamivir was 5.5-fold greater in Mdrla/1b P-gp knockout mice than
that in wild-type mice (Fig. 3). The K y.in of oseltamivir was un-

‘changed in Berp knockout mice (Fig. 3B). The K, pruin Of R0 64-0802

following oseltamivir admiinistration in Mdrla/1b P-gp knockout mice
and Berp knockout mice was not significantly 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, ein Of
oseltamivir were determined after dosing with oseltamivir in newborn

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

The plasma and brain concentrations of oseltamivir in newborn rats
were significantly higher than those in adult rats (Fig. 4). Ro 64-0802
was found to be below the limit of quantification in the brain of the
newborn rats. .

~ mRNA and Protein Expression of Mdrla in the Cerebral Cor-
tex from Newborn Rats and Adult Rats. The mRNA expression
levels of Mdrla in the cerebral cortex from P3 through P42 rats were
determined using real-time quantitative PCR. The mRNA levels in the
cerebral cortex from newborn 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 frac;ion of rat cerebral
cortex from P3 through P42 was also examined by Western blot
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 performed for the upper signals as specific
signals of matured P-gp. 1t was shown that the expression levels of

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

cantly lower than those from adult rats (Fig. 6).

Formation Rate of Ro 64-0802 from the Oseltamivir in the
Plasma and Liver S9 from Newborn Rats and Adult Rats. The
enzymatic activities of hydrolytic reaction of oseltamivir to Ro 64-
0802 were compared in newborn and aduft rats using plasma and liver
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16 and 35% of the adull rats, respectively (Table 1). Taking the

- 89 specimens. Oseltamivir was more stable in both plasma and liver
" 89 from newborn rats than in those from' adult rats (Fig. 7). The
formation_ rates of Ro 64-0802 from oseltamivir in the plasma and
liver S9 specimens are shown in Table 1. The formation rates of Ro
64-0802 in the plasma and liver S9 specimens of newborn rats were

38

scaling factors into consideration, the formation rate of Ro 64-0802 in
plasma expressed per kilogram body welght was dpproxxmately 10-
and 20:fold higher.than that in liver S9 in both newborn and adult rats

. (Table 1).
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then subjected to reverse trunscription. The expression-of mdria and gapdh mRNA c )
" in the cerebral cortex of P3 through P42 rats was determined using real-time e} 1201
quantitative PCR. Each bar represents the mean X S.E. of. the ratio of the mRNA 2a 1004
expression of mdrla and gapdh. The quantification Was repeated three times using (g
_ three EDNAs independently prepared_ from one to four rats. Asterisks represent Q.?: 80-
statistically significant differences toward P42 rats; *», P < 0.01. - R |
: £33 601 Nk
o coi . - 8 & . . 1
Cellular Accumulation of Oseltamivir in mMdrla-LLC-PK1 § 5 404 * * g
Cells and ,hMDRl-MDCKl-I Cells. To determine whether oseltami- :s 204 | . :
_ vir is a possible substrate for human and mouse P-gp, cellular accu- o .
. . - ; : 1a. _ 4 a. 0 g
mulation - studies were conducted using mMdrla-LLC-PK1 and P3 P6 P11 P21 P42

" hMDR I-MDCKI!! cells. Oseltamivir exhibited less accumulation in
_derla—LL(f—PKl and hMDRI-MDCKI cells than in each parent

cell, and PSC833 increased oseltamivir accumulation in both
mMdrla-LLC-PK1 and hMDRI-MDCKII cells (Fig. 8).

Discussion

In the present study, we investigated. the transport of oseltamivir
and Ro 64-0802 across the BBB using Mdria/}b and Berp knockout
mice and showed. that P-gp extrudes oseltamivir into the circulating
blood. The plasma and brain concentrations of oseltamivir were deter-
mined in wild-type ice following iv. infusion of oseltamivir. The
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Fis. 6. Oritogenetic expression of P-gp protein in the crude membrane fractions of
cerebral cortex from P3 through 42 rats. A, crude membrane fractions were prepared
from the cerehral cortex from P3 to 42 rats. Each sample (50 pg protein/lane) was
subjected to SDS-polyacrylamide gel clectrophoresis (8.5% ‘separating gel). P-gp-
and actin proteins were detected by monoclonal anti-P-gp_ C219 antibody and
monoclonal antiactin antibody, respectively. A typical immunablotis 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 band was used for the calculation. The
bar represents the ratio of the bund densitics of P-gp and actin relative to thatin P42
rats, Exch bur represents the mean = S.E. of three determinations using three crude
membrane fractions of the cerchral cortex prepared independently from one to four
rats. Asterisks represent statistically significant differences toward P42 rats; ¢, P <

0.05. : .
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A Stability of oseltamivir B Ro 64-0802 formation .
= 2.04 C = 1.5- T ot FiG. 7. The stability of oseltamivir (A) and -
=~ = 3 ’ the formation of Ro 64-0802 (B) in plasma
2 . : I £ and liver 59 from newborn and adult rats.
y i g Oseltaraivir (1.5 1) was incubated with
5 s- 4.0 g rat plasma (circles) and liver S9 (squares) -
S o 3 specimens (5 mg of protein/ml) for various
A o 5 time periods. The data for adult (P42) rats
E @ 0.5+ 1 3 % - p — are shown by -open symbols and for new-.
E 3 . » incabation s 50 born (P11) rats by closed symbols. Data .
S 3 n fime (min) represent mean = S.B. of three determina-
3 o tions using three plasma and liver'S9 spec- -
e — . N— . [+4 0.0 : — . imens prepared independently from three -
0 50 100 150 200 0 50 100 150 200 ™% ' ’
. Incubation time (min) - Incubation time (min)
TABLE ) because the cellular accumulation of éseltamivir was lowé’r in a cell . .
Ro 64—0802 Jormation rate from oscliamivir in plasia and hver $9 fmm line expressing mouse P-gp and human P-gp, thCh was increased by
. nevwborn and adult rats PSC833 treatment (Fig, 8).

Oseltamivir (1.5 pM) was incubated with-rat plasma for S min and rut tiver S9 fm:mn
for 60 min at 37°C.

Source Ro 64-0802 Formation Rute® - ]
pmolfmin/mg protein * pmolfniriinl or g liver®  nimol/min/kg b.wt.
Plasma P i_l: 175 £032 877+ 159 3.38 £ 0.61
P42 10.6 £ 2.6 ‘529 * 129 204 + 5.0%
Liver S9 P 0.11 = 0.00 106 £ 03 042 % 00}
P42 0.31 £0.05 29,7 £ 45 l.lQifU.lB"

rate (nmol/min/kg) in plasma

* P < 0.05 statistical differences in Ro 64-0802 fi
bclwccn ncwburn and adult rats. o
'p< 0,05 statistical differcices in Ro 64-0802 formation rte (amol/minfky) in liver S9
between aewbom and odult rits.
* Data represent means %' S.E. of thiee determinations ‘using three plasma and liver S9
prcp-m:d independently from three ruts.
% Obtuined by multiplying the value (pmonmImL, pmtcm) by 50. 0 and 96.1 for plusma and
Iwcr §9, respectively.
“ Obtained by. ply ,lhevalue
plesma und fiver §9, mpecnvcly ’

! plasma of g liver) by 38.5 und 40.0 for

distribution volume of oseltamivir in the brain was greater than the

capillary volume (Takasato et al., 1984; Rousselle et al., 1998), indicating

that oscltamivir crosses the BBB. Pretreatment with GF120918, a dual
inhibitor for P-gp and Berp (Allen et al., 1999), caused a significant
. increase in the brain concentration of oseltamivir. This.is partly a result

-of greater .plasma concentrations of oseltamivir in' GF120918-treated
group, presumably because of an jnhibition. of esterase activity by
GF120918 as oseltamivir is predominantly converted to Ro 64-0802 in
.mice, and the biliary and urinary, excretion account for a limited part of
the systemic elimination, at most 0.3 and 19%, respectively (data not

“The present study elucidated (hat the actwny of P-gp is an impor-
tant factor for the brain concentration of oseltamivir in mice. Because -
abnormal behavior following oseltamivir medication is more fre-
quently observed in youngei generations than in adults, postnatal
ontogeny of P-gp is an important issue. Mdrla-mRNA and Pigp-
protein levels were significantly lower in newbom rats than adult rats -
(Figs. 5 and 6). This result isin good agreement with previous reports,
in which it has been shown that adults had higher brain.expression of
Mdria mRNA (3-fold) and a corresponding 5-fold increase-in immu-
nodetectable P-gp (Matsuoka et al.,, 1999; Goralski et al., 2006). -
Consisient with this ontogenic profile, the brain accumulation of
cyclosporin A was 80% lower in adult mice than in 1:day-old mice

-(Goralski et al., 2006). NDA documents reported that the K, .. of

oseltamivir, obtained 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 significantly higher than those in adult rats (Fig. 4B).-

This-is partly because of greater plasma concentrations of oseltamivir
in-newbom rats than in-adult rats (Fig. 4A); however, a significant -

increase in the Ky, O oseltamivir in newborn rats suggests that the
smaller efflux clearance across ‘the’ BBB is part of the undcrlymg ’

.mechanism. This is in good agreement with the posmalal ontogénic

‘profile of P-gp (Matsuoka et al.,

“shown). However, a significant increase in the K, ., of oseltamivir by .

GF120918 indicates’ thit inhibition of active efﬂux mediated: by P-gp.

- andfor Berp is another underlying mechariism (Fig: 2B). Unlike oselta-
mivir, the distribution volume df Ro 64-0802 was close to the capillacy
volume, and K, ,.;,, of Ro 64-0802 following aseltamivir or Ro.64-0802

" administration was slightly increased by the administeation of GF120918,
but the difference was not stanst:cally sngmﬂmm. This would be reason-
able considering the low hpoph:llcxty of Ro 64-0802 that will exhlbl[ low

. BBB pemmeability without the aid of uphke transpone:s :

To support the effect of GF120918, in vivo studies using Mdrla/lb
and Berp knockout mice were performed.-The K pbrain OF OsEltamivir

1999; Goralski et al., 2006)..
‘Newborn rats exhibited: grealer. plasma concentrations of oseltami-
vir, suggesting a smaller systermc elimination rate in newborn rats.
This was confirmed by comparing the conversion activities [carboxy- ‘
lesterase (CES) activity] in the plasma and liver S9 specimens be- .
tween newbom (P11) and adult (P42) rats. Compared with adult rats;

the conversion activities (CES aclivity) were lower in both the plasma .
. and the liver S9 specimens from néwborn rats (Fig. 7; Table 1) l.bwer

conversion activity of oseltamivir to Ro- 64-0802, pamcularly in the o
plasma, will account for the delay ‘in the systemxc ehmmauon of -

oseltamivir in newborn rats.
Recent clinical studies support - that P-gp acis as a gatekeeper ’

'protem_ in human BBB (Sadeque et al., 2000; Sasongko et al., 2005).

was significantly increased in Mdrla/1b P-gp knockom mice but not .

in Berp knockout mice (Fig. 3B). The increase in the K brain O
Mdria/1b P-gp knockout mice was comparable with that obtamed by
. GF120918 (Figs. 2B and 3B). Therefore, P-gp, but not Berp, limits the
brain penetration of oseltamivir across the BBB. In accordance with
the in-vivo results, cellular accumulation study elucidated that both
mouse Mdrla P-gp and human P-gp accept oseltamivir as substrate

40

P-gp will also be one of the determinant factors for the brain concen-
trations of gseltamivir. Single nucleotide polyniorphisms (SNPs) are
the genetic factor for interindjvidual differences in drug response. A
number of SNPs have been described. in the human MDR! gene
(Fromm, 2002; Kim, 2002). Of these, linkage disequilibrium has been
shown between SNPs in exons 26 (C3435T), 21 (G2677T), and 12
(C1236T), and the TTT haplotype correlates with tow P-gp activity in
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tic small intestine (Chowbay et al., 2003). As far as the BBB is
concemed, there was no significant. relatioqship between the haplo-
type and brain concentrations of [ H1Clverapamil (Brunner et al., 2005;

Takano et al., 2006). However, Kimchi-Sarfaty et al. (2007) recently

reported that the effect of double or triple haplotypes containing
C3435T on P-gp activity is “substrate dependent.” The possibility that
SNPs of P-gp are associated with an interindividual difference in the
BBB permeability of oseltamivir cannot be excluded. In addition to

~ P-gp. as obseived in newborn rats, the activity of hCESL is the
. determinant factor for the systemic elimination. C70F and R128H of
hCESI were reported to-be associated with reduced hydrolysis of
oseltamivir (Shi-et al., 2006). Subjects with these SNPs of hCES | will
result in a greater exposure of oseltamivir to the brain. )

Ro 64-0802 is a potent and selective inhibitor of influenza virus
neuraminidase (sialidase). Several sialidases are expressed 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 into the brain from the circulating blood because of its
hydrophilic property. As hCES| is also expressed in the brain (Satoh
_etal., 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 oseltamivir, may accumulate 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 OAT! -

(SLC22A6) (Hill et al., 2002), and OATS3, the homolog of OATI, 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 study showed thal oseltamivir crosses the
BBB, bul the active form Ro 64-0802 barely crosses the BBB. P-gp
limits the brain penetration of oseltamivir at the BBB of adult mice.
Ontogeneiic. profile of P-gp and CES activities accounts for the
greater accumulation of oselt’qmivir in the brain of neonates at least in
rals. ’

*** p<0.001

|
1

Fic. 8. Cellular accumulation of -oseftamivir
in; mMdrla-LLC-PK1 cells (A) and hMDRI-.
MDCKU cells (B). The uptake of oselamivir
25 pM) by mMdrla-LLC-PKl (A) and
hMDR1-MDCK! (B) cells was examined in the
presence or absence of PSCB33 (5 pM) at 37°C.
Bach point represents the mean £ S.E. (n = 4).
Statistical significance was calculated by one-
way analysis of varidnce followed by Tukey's
multiple comparison test.
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_ Oseltamivir is a potent, well-tolerated antiviral for the treatment and prophylaxis of influenza. Although no
relationship with treatment could be demonstrated, recent reports of abnormal behavior in young individuals
with influenza who were receiving oseitamivir have generated renewed interest in the central nervous system
(CNS) tolerability of oseltanivir. This single-center, open-label study explored the pharmacokinetics. of
oseltamivir and oseltamivir carboxylate (OC) in the plasma and cerebrospinal fluid (CSF) of healthy adult -
volunteers over a 2d-hour interval to determine the CNS penetration of both these compounds. Four Japanese
and four Caucasian males were exrolled in the study. Oseltamivir and OC concentrations in CSF were low
(mean of observed maximum concentrations [C,,,,], 2.4 ng/ml [oseltamivir] and 19.0 ng/ml [OC]) versus those
in plasma (mean C,,,,, 115 ng/ml.[oseltamivir] and 544 ng/ml TOCH), with corresponding C,,,, CSF/plasma
ratios of 2.1% "(oseltamivir) and 3.5% (OC). Overall exposure to oseltamivir and OC .in CSF was also

comparatively low versus that in plasma (mean area under the concentration-time curve CSF/plasma ratio,

2.4% [oscltamivir] and 2:9% [OC]). No gross differences in the pharmacokinetics of oseltamivir or OC were
observed between the Japanese and Caucasian subjects. Oseltamivir was well tolerated. This demonstrates that -

_ the CNS penetration of oseltamivir and OC is low in Japanese and Caucasian adults. Emerging data support
‘the idea that oseltamivir and OC have limited potential to induce or exacerbate CNS adverse events in

‘individuals with influenza. A disease- rather than drug-refated effect appears likely.

Oséltamivir is an orally administered anti-influenza agent of
the neuraminidase inhibitor class. The cthyl-ester prodrug
oseltamivir is delivered orally as a phosphate salt and con-
verted by hepatic esterases to the active metabolite oseltamivir
carboxylate (OC) (10). OC specifically binds and inhibits the
influenza virus neuraminidase enzyme that is essential for viral
replication (21). In this way, oseltamivir limits the spread of

" influenza virus subtypes A and B within the infected host. .

Whern 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 behaviors 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 but 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 authorities in Japan and
elsewhere have amended the product label to include precau-
" tions on the use of oseltamivir in young persons. These actions,
and the associated media coverage, have fostered renewed
‘interest in the central nervous system (CNS) tolerability of
oseltamivir.

The currently available preclinical and clinical evidence sug-

* Corresponding author. Mailing address: F. Hoffmann-1a Roche
Ltd., Pharmaceuticals Division, Bldg. 015/1.006, CH-4070 Basel, Swit-
" zerland. Phone: 41(0) 61 688 3133. Fax: 41(0) 61 638 6007. E-mail:
craig.rayner@roche.com.
1 Roche clinical trial number BP21288.
7 published ahead of print on 1 August 2008.
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gests a low potential for oseltamivir to adversely affect CNS
function, and no plausible mechanism for oseltamivir to cause
CNS toxicity has been identified.(32). However, only very lim-
ited data exist to describe the CNS penetration of oseltamivir
and OC in humans. Equally little is known about the impact of -
ethnicity on the CNS profile of these entities. In this study, we
investigated the pharmacokinetics of oseltamivir and OC in
plasima 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 oseltamivir
phosphate. Although not powered to formally examine the

_impact of ethnicity on CNS penetration, we- also considered

whether any gross differences might exist by including both
Caucasian and Japanese subjects in our study.

. 5
. MATERIALS AND METHODS

Study design and subjects. This exploratory trial was a single-center, open-
label, single-dose, pharmacokinetic study that was conducted in the United
States between 16 July 2007 and 17 August 2007. The trial complied with the
principles of the Declaration of Helsinki (as amended in Tokyo, Venice, Hong
Kong, and South Africa). The study protocol and materials wete approved by an
independent ethics committee, and written informed corisent was provided by all .
participants. The study fully adhered to good clinical practice guidelines (ICH .
Tripartite Guideline, January 1997). . . o

The study aimed to recruit eight healthy adult male and fémale volunteers:
four of Japanese origin (born in Japan of Japanese parents and grandparents and
living for <5 years outside Japan) and four of Caucasian origin (white Hispanic
or non-Hispanic). The aumbers of males and females were intended to be the
same in both ethnic groups. Inclusion criteria were age of 20 to 45 years, body
mass index of 18 to 30 kg/m?, and ability to give written informed consent and
comply with the study restrictions. Female subjects were required to be surgically
sterile or postmenopausal for =1 year or to use two methods of contraception
(including one barrier method) from study commencement until 7 days postdos-
ing. Exclusion criteria included clinically significant disease; allergy or immuno-
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deficiency; history of raised intracerebral pressure or clinically significant verte-
bral joint pathology; major illness in the 30 days before screeniug or febrile
illness in the 14 days prior to CSF sampling; pregnancy or lactation; relevant
* histoty of, or positive test for, drugs of abuse or alcohol; infection with hepatitis
B or Cvirus or homan immunodeficiency viras; or any other condition or diseass
rendering the subject.unsuitable for the study. Prescription medication was not
permitted to be taken within 7 days or six times its elimination half-life ()
(whichever was longer) before study drug administration (excluding hormone
replacement therapy and oral contraception). Occasional usé of acetaminophen/

paracetamol (up to 3 g/day) was allowed up to 24 b before dosing and as needed -

for treatment of side effects related to the CSF sampling procediire. Intravenous
caffeine was also permitted for headache prophyla:ns of treatment of side eﬁeets
cavused by the CSF sampling procedure.

All subjects underwent a screening period from day ~28 to day —2, during -

which eligibility was assessed and written informed consent was provided.
Screening involved a full medical histosy, a physical examination, an electrocar-

diogram (ECG), and a lumbar spine X-ray (unless the subject had such an X-ray’

taken within 1 year of ing). S: for laboratory safety assessments

(including ‘serum biochemistry, b )
and ‘alcotiol abuse tests were taken after a 4-h fasting period. Female subjects
. were to undeértake pregnancy tests.

Following successful screening, volunteers were admitted to the study uniton .

day -1 for a baseline safety Mmmt (recording of vital signs, ECG and” " . bl . .
- ng/ml for oseltamivir and OC, respectively, up to 250 ng/ml for

- oseltamivir and 10,000 ng/ml for OC. For the analysis in .

ts, and drug/alcohol abuse and pregnangy tests). On

laboratory. safety a

day 1, following an overmght fast, all subjects were catheterized in the lumbar .

region (for example, L3 to 14) for CSF sampling. This was. performed using the
dynabridging technigue (California Clinical Txials Inc., Califomia), in which thie
catheter is connected to-a peristaltic pump. for automatic timed withdrawal ‘of
.CSF samples (approximately 6 ml per withd, 1). Subjects then received a
single oral dose of 150 mg oseltamivir phosphate (F. Hoﬂ'mann-La Roche Ltd)),
" which corresponds to the recommended daily adult treatment dose of 75 mg
twice daily. Venous blood samples (2 ml per withdrawal) were taken at the samé
time as CSF sampling was performed. Blood and CSF samples were taken
immediately before dosing and at 0.5,1,2,3, 4,5,6,7, 8, 9,12, 20, and 24 h after
dosing in the manner described above {14 sampling -points in total). Subjects
were discharged from the unit on day 4 and feturned for a follow-up examination

. on days 10 to 12. Adverse events were recorded from scrccnmg until the end of

follow-up.
Oseltamivir and OC assay. Blood samples were drawn into EDTA blood

_cotlection tubes, and plasma was separated by centrifugation for 10 min at 1,500 X

.. gand 4°C. CSF and plasma samples were stored at —70°C until analysis. Con-

- centrations of oseftamivir and OC in plasma and CSF were measured using a
o specnﬁc and validated high-performance liquid chtoma!ography method coupled-
with tandem mass spectrometry (Bioanalytical Syslcms Inc., Kenilworth, United.

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

' samples were analyzed along with human EDTA | plasma and human CSF.control
samples against calibration standards prepared in b EDTA p
Pharmacokinetic analysis. C tion-versus-time.profiles were generated
and the observed maximum concentration (C,,,.) and time to observed maxi-
 mum concentration (7,,,,,) were then determined for oseltamivir-and OC in CSF
and plasma. Standard noncompartmental methods were employed to character-

:jze pharmacokinetic parameters using WioNonlin software (version 5.2; Phar- -

sight Inc.). The following pa were calculated where possible: area under
* the concentration-time curve from time zero to the last measurable concentra-

tion (AUC, ,.;,,) and mﬁmty {AUC,,_..), apparent 1,,, and apparent oral clear-

ance (CL/F). AUC values were computed’ using the linear-trapezoidal rule.
. - AUC,._, was estimated nsing AUGC.y5 + Cpah,, where Gy, is the Jast mea-
" _surable concentration and ). is the apparent cli;ninéﬁon rate constant deter-
‘mined by log-linear regression of the last four teyminal concentration data points

" fitting with an -adjusted residual squared value of 20.90. The ratios of CSF/ -

- plasma exposure for C,, and AUC, ,, Were also deterniined for each of the
- - two analytes. In addmon, oseltamivir/OC ratios (adjusted for. the molecular
", weight differences) were calculated for C,,,,, and AUCO_M, once for the matiix-

) plasma and sepamtcly for the matrix CSF. -

RESULTS

four Japanese) entered the study. No females were available
for enrollment within the study timeframe (approximately 1
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TABLE 1. Demographic baseline charactenstlw by ethnic group
and total population

) Mean (range).
Pacameter Caucasian Japanese Total {x = 8)
=4 (=4 =5
No. of subjects by .
geader . . . .
Male ’ 4 4 . 8
Fegrasl)e 0 0 -0
Age 29.0 (24-33) 26.8.(24-35) 279 (24-3
Wt (kg)’ 669 (612-73.5) 656 §57.8-82.6) 66.3 57 5)
Ht (cm) 1733 (169-177) - 1728 (169-176) 173.0 (169-177) .
Body mass zi)nclex 22{207-235) 21(188-289) 222 (18.8-28.9)
(kefo -

month). Demographic baseline characteristics were well bal-
anced between the Cauncasian and Japanese groups (Table 1),

" . Assay validation. In both matricés, the calibration curve. -

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

plasma, the interassay precision (coefficient of variation) .

" ranged from 3.8% to 5.4% for eseltamivir and from 2.2% to
'9.1% for OC, and the accuracy ranged from 100.0% to 105.7% -

for oseltamivir ‘and from 97.5% to 99.3% for OC. For the -
analysis in CSF, the interassay precision ranged from 0.9% to
3.3% for oseltamivir and from 1.6% to 9.1% for OC, and the
accuracy ranged- from 104.0% to 114.5% for oseltamivir and
from 98.2% to. 105.8% for OC. No marked inaccuracies were
found in the concentration ranges of the plasma and CSF study
samples. .
Pharmacokmetlc analysis. Figure 1 and Fig..2 show the

_mean (* standard deviation [SD]) plasma and 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 oseltamivir phosphate.
For both analytes, mean ‘concentrations -in CSF were consid-
erably lower than those in plasma. Table 2 and Table 3 sum- -
marize the measured and ' computed pharmacokinetic param-

i eters for oseltamivir and OC in plasma and CSF. Mean (* SD)

€ oax plasma values were 115 (£40.0) ng/ml for oseltamivir and

- 344 (£92.6) ng/ml for OC. The corresponding median (range) "

T omax values were 1.0 (05 to 4.0) h and 5.0 (4.07to 6.0) h for '
oseltamivir and OC postdosing, respectively. In CSF, mean (* -

'SD) Cp,a values for oseltamivir and OC were 2.4 (+0.9) ng/ml " -
and 19.0 (+14.9) nJml respectively; these were measured at

median (range) T, values 0f3.5.(1.0 to 5.0) h and 8.0 (6. 0 to
120) h postdosm&w. ‘
Oseltamivir concentrations were quantifiable for up to 12 h

postdosmg in plasma-and 9 h in CSF. OC concentrations were

.." detected for up to 24 h in plasma and for up to 12 hin CSF in

all but-one Caucasian subject. This subject displayed the high-
est CSF concentrations for OC with a C,.,,,, value of 45.9 ng/ml
at 7 h postdosing, but the oseltamivir concentrations in CSF
were not remarkably high compared to those for the remaining
subjects. This subject was also shown to have blood contami-

: - , . -nation of the CSF up to 5 h postdosing, and OC persisted in
A total of eight healthy male volunteers (four Caucasian and

the subject’s CSF samples until 24 h after drug administration.

“In a different Caucasian subject, OC concentrations were not

detected in CSF at any time point, while oseltamivir concen-
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“FIG. 1. (A) Mean (= SD) concentration-time profile for oseltami-
vir in plasina after a siugle oral dose of 150 mg oseltamivir phosphate
in Caucasian (n = 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 (1 = 4) and Japanese (n = 4) subjects and the
- averall poputation (n = 8).

trations were measurable until 6 h postdosing. In this subject,
values for OC-in CSF of zero were assigned for Coan AUCq jass
and the respective CSF/plasma ratios, and these values were

included in the respective sununary statistics. The intersubject
pharmacokinetic variabilities (SDs) for the parameters Cpay

and AUC_1.« in plasma in relation to the sample mean (per-
_cent coefficient of variation) were approximately 34% and 17%
for oseltamivir and OC, respectively. This is consistent with
previous experience with the drug (Roche data on file). The
corresponding intersubject variabilities for Cpne and AUCo. i
_ in CSF were higher for oseltamivir (36% for C,,. and 48% for

-AUC, .. and OC (78% for C ., and 129% for AUCq 10>

the latter two. percentages reflecting the most extreme Croax

values measured for OC (0 ng/m! and 45.9 ng/ml).

In the overall population, the mean (+ SD) Co.x CSF/
plasma ratios (in %) for oseltamivir and OC were 2.1%
(£0.5%) and 3.5% (*+2.9%), respectively (T ables 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 AUC,_... The mean plasma 1,, of OC was triple that
of oseltamivir (5.4 h versus 1.8 h), and the mean pilasma CL/F
~for oseltamivir was 502 liters/h. In contrast to the pharmaco-
kinetic plasma data, the CSF concentration-versus-time pro-
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FIG. 2. (A) Mean (* SD) concentration-time profile for OC in

plasma after a single oral dose of 150 mg oseltamivir phosphate.in

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

" population (n = 8). (B) Mean (+ SD) concentration-time profile for

OC in.CSF after a single oral dose of 150 mg oseltamivir phosphate in
Caucasian (n = 4) and Japanese (n = 4) subjects and the overall
population (n = 8).

files did not allow a reliable assessment of AUC, .. for either

. analyte; hence, only AUCq ,q values are reported for CSF.

The mean (= SD) AUCq ,,, CSF/plasma ratios for the total
population for ‘oseltamivir and OC were 2.4% (£1.1%) and-

2.9% (+4.1%), respectively. The individual AUGC, 4, valuesin

CSF covered a time period between 2 and 9 h for oseltamivir
and 12 or 24 h for OC and the individual AUCq,,,, values in’
plasma covered between 9 and 12 h for oseltamivir and 12 and
24 h for OC. If approximate free plasma concenirations (58%
for oseltamivir and 95% for OC [Roche data on file]) were
used to calculate the respective CSF/plasma ratios, these fig-

“ures would double for oseltamivir (thatis, to approximately

5%) but would remain similar for OC. In the subject with
blood-contaminated CSF, in whom higher OC CSF concentra-
tions were observed, the resulting CSF/plasma ratios based on

_ total concentrations for OC were 9.5% (Cpa) and 11.7%

(AUC) (these values would be only slightly higher if free con-
centrations were considered). In the overall population, the
mean (% SD) C,. 0seltamivir (prodrug)/OC (active metabo-
lite) ratios (adjusted for the molecular weight differences) were
18:8% (*4.1%) and 12.4% (+5.1%) in plasma and CSF, te-
spectively. The AUC juq oseltamivir/OC molar ratios- were
5.1% (0.9%) and 9.4% (+8.8%) in plasma and CSF, respec-
tively.

This study was not empowered to identify differences be-
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s P ' . tween ethnic groups. Nevertheless, no gross differences for -
B (_? HHH o any pharmacokinetic parameters were observed for either
§§ _3 :S:' 2 ’ qseltamivirorOCbetweeu the Caucasian and Japanese sub-
&= gaaf : jects (Fig. 1 and 2). ' ' o -
*é' : 05 HaH : Safety. A total of 20 adverse events were reported during the
he Q23 study, all of which were mild to moderate in intensity and
- 5 VoL resolved without sequelae (Table 4). All but two events were
B A=) unrelated to the study medication: one chest pain with a re-
_ é 13 g .3. 918 -mote relationship to oseltamivir and one headache with-a pos-

u 3 é H é' é’ = sible relationship to oseltamixfir, Iw general, headache, back
.§ nea g _ pain, and post-lumbar-puncture syndrome occurred due to the
£ 5 2905 lumbar punctire procedure. Cafﬁ.aine and paracetamol were
g (}:g cwo | S ~ administered to treat these conditions. No deaths, serious ad-
AR IR RS - verse events, or withdrawals after drug administration oc-
2<g g , curred during the study, and thére were no clinically relevant
'g - N ELE '§ changes in vital signs, ECG, or laboratory parameters at fol-

) §. _ g» g%(z’ g _ low-up. :
. (=4
f e |99512 - - In the current exploratory study, we evaluated the pharma- -

8 55 8 :','f,,"f,' | [’g  cokinetics of oseltamivir and OC in the CSF and plasma of .
2 s one 5 _ healthy Japanese and Caucasian adult volunteers to further
SlRalgldse | g - our understanding of the CNS penetration of these entities.
BT hara -Concentrations of oseltamivir and OC in CSF were low (mean
= g Crnax 2.4 ng/ml for oseltamivir and 19.0 ng/ml for OC in CSF),
= 585 (g and maximum concentrations were 2.1% and 3.5% of those
E s |333 |5 . attained in plasma, respectively (mean C,,, 115 ng/m) for
E 8 tv‘;,g‘\:, oy oseltamivir and 544 ng/ml for OC in plasma). Overall exposure
5| &€ = |8 was also Jow in CSF compared with plasma (mean AUC CSFf
b geals plasma ratios of 2.4% for oseltamivir and 2.9% for OC). Col-

; E;: g;g g " lectively, these findings demonstrate that the CNS penetration )
=8 = %g,% B of oseltamivir and OC is low in healthy individuals. The rela- -
g dog | g tive Cpoy and AUC,, ., oseltamivir/OC ratios in plasma re- -
3 99 re ported in. this study are consistent with data from previous
gl a g nan|g -studies with healthy volunteers (Roche data on file).

2| |n3318 : These: findings are consistent with two case reports describ- * -
g- — % laloas (& ing CNS penetration in influenza virus-infected individuals G,

’E‘ R g 31). These cases comprise examination of the CSF of a 10—

5] 153335 year-old male with influénza B virus-associated encephalitis
:":;' gss &E : {31) and a postmortem examination of several brain regions

g pp i B “from a 13-year-old Japanese male with influenza who had
B :;; 5 taken a single dose of oseltamivir and subsequently fell to his - o
El2 | |3=& death from a building (5). In both of these cases, no or low _
E.. £ 1,.1885 | 8 concentrations of oseltamivir or OC were detécted in CSF or
A g 5‘{;’5‘ ' '§ . human brain homogenates (5, 31). Preclinical studies involving

S {&=1355 |8 -rats and ferrets also show uniformly low brain penetration

|y “Tle following administration of oseltamivir phosphate (Roche data

clwvicnoy .

BRI IR PO R L g - on file). For oseltamivir, brain exposure in rats after intrave-

Elg1815k8d 4 - . nous administration was approximately 20% of plasma values,
RS B N ! - whereas for OC it was approximately 3%. It should also be

-§lg|Eag| 8 noted that these studies employed whole-brain-homogenates.

R F - Bl B P and that concentrations in tissue may have been overestimated
|s88 158 due to confounding by blood vessel content, especially in cases -
: E-g with high plasma-to-brain ratios (Roche data on-file). Recent

S ?g g 3 * studies in mice showed that access to the CNS by oseltamivir

g ldgs| 5 was also restricted by P-glycoprotein (P-gp); it should be noted

] § dg (>2 that in the absence of P-gp in knockout mice, the brain/plasma

858 ratio was still low (around 0.35) (20, 25). The limited access of

48 .
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OC to brain is thought to be due to its low lipophilicity leading

. to 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 potential for underestimation of CSF AUG, ,,, values.
This could alsc have led to underestimation of the calculated

+ AUCg 4se 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 extvapolated

to the plasma time to last measurable concentration (Ty,.,), the

AUCq 4, values in CSF for the total population for oseltamivir

and OC were 14.0 (£3.6) h » ng/ml and 291 (£204) h - ng/ml,

respectively. The values remained of the same magnitude as
those of the AUC, ,,,, values estimated using the actual CSF
T, values, which were 7.6 (£4.4) h - ng/ml for oseltamivir and
151(£202) h - ng/ml for OC. The eorresponding mean (+ SD)

AUGC, ... (CSF)/AUC,,,.; (plasma) ratios for the total pop-
ulation were still very low when this conservative approach was
employed: 4.6% (*£1.0%) for oseltamivir and 52% (+3.9%)
for OC. =~ _ L

No females were available for enrollment within the re-
straints imposed by the study timelines. This was not expected
to affect the outcome of the study, as previous investigations
within the wider oseltamivir clinical program have indicated no
significant gender differences in the pharmacokinetics of either
oseltainivir 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 contaminated 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) (25), which is a homo-
logue of OAT1, the mediator of renal tubular secretion of OC
(11). OAT3 is expressed at the BBB and actively eliminates
organic anions from the brain (15, 16). :

Within the limitations of the study design (i.c., exploratory
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 overall pharmacokinetic profiles of oseltamivir
in plasma between Japanese and Caucasiap adults (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 hCES1 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 steady-state C,, . values that were around 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
e

(Roche data on file). Genetic variants of OATI {which medi- -
ates renal secretion of OC) (1, 4, 19) and P-gp (which controls
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BBB penetration of oseltamivir) (13, 27) do’ occur, but alter- -

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 .

3
disorders
Photophobia
0
1
1

have suggested that OC could act on human neuraminidase
enzymes (sialidases) in the brain and disrupt the mitochondrial . -
- apoptotic pathway in neuronal cell death (25). However, in. -
vitro data suggest that neither oseltamivir nor OC inhibits any -
of the four human neuraminidases at concentrations of uptol

complications .
Post-lumbar-puncture
- syndrome
1
2
3

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, indicating a lack of mecha-
nism for neuropsychiatric adverse events-with oseltamivir or
OC (18). Clinical data also support the lack of an association. =~
between oseltamivir and CNS adverse events in young individ-

" procedural

abnormal or delirious behavior was found to occur both before
and after the initiation of oseltamivir therapy (8, 23), suggest-.
ing no temporal association between the two events. Epidemi- -
ological studies also demonstrate that the incidence of neuro-
psychiatric adverse events is similar between patients. with-
* influenza who receive oseltamivir and those who receive no
antiviral (2, 34). » » : .
Oseltamivir was well tolerated in this study, with the major- -
ity of adverse events related to the continuous indwelling lum-
.bar catheterization lumbar puncture technique used to obtain
CSF samples. Methods involving continuous colleétion of CSF
for 12 to 36 h, with up to two sampling periods separated bya
7- to 14-day recovery period, are used in experimental medi-
cin¢ and proof-of-principle studies. They can establish phar-.
macokinetic-pharmacodynamic models (henee “dynabridging”)
and downstream (proteomic) effects of drug administration: Con- -
. tinuous indwelling lumbar catheterization has been performed in -
over 450 healthy volunteers and patients at California Clinical -
Trials, from 1997 to the present (3). There have been no serious
-adverse events from these procedures, and the rate of adverse -
-events has been no different froin that for single lumbar punctures -
(14). S S |
This study supports .the idea that the CNS penetration of
~ oseltamivir and OC is low in healthy Japanese and Caucasian
individuals. Preclinical and clinical data support the idea that .
oseltamivir and OC have a limited potential to induce or ex--
acerbate CNS adverse events in individuals with influenza. A
. disease- rather than drug-related effect appears likely.

Muscoloskelotd,
stiffness
1
0
1

tissue disorders

No. of subjects with:

-l

Musculoskeletal and connective

Back pain '

Vomiting :
T
1
1

.Gastrointestinal disorders

Nausea
1
3
4

Nervous -
system

TABLE 4. Subjects reporting adverse events by ethinic group and total population
disorders
Hoxi:ficho
2
4
6

Total no
of AEs -
6
14
20
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Oseltamivir (Tamiflu) and zanamivir (Relenza), two extensively used clinically effective anti-influenza drugs,

-are viral sialidase (also )nown as neuraminidase) inhibitors that prevent the release of progeny virions and
thereby limit the spread of infection. Recently mortalities and neuropsychiatric events have Been reported with
the use of oseltamivir, especially in pediatric cases in Japan, suggesting that these drugs miglit also inhibit
Aendoge.nous' enzymes involved in sialic acid metabolism, including sialidase, sialyltransferase, and CMP-

" synthase, in addition to their inhibitory effects on the viral sialidase. The possible inhibition could account for

Vol. 52, No. 10

some of the rare side effects of oseltamivir. However,

“there has been little direct evidence in regard to the .

sensitivities of animal sialidases to these drugs. Here, we examined whether these inhibitors might-indeed affect
the. activities of human_sialidases, which differ in primary 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 carboxylate scarcely affected the activities of any
of the sialidases, even at 1 mM, while zanamivir significantly inhibited the human sialidases NEU3 and NEU2 -
in the micromolar range (K, 3.7 + 0.48 and 12.9 + 0.07 pM, respectively), providing a contrast to the low

A

nanomolar concentrations at which these drugs block the activity of the viral sialidases.

The continuing threat of an influenza pandemic is a serious
worldwide concern. For the prevention of influenza, potent and
selective anti-influenza drugs have been developed. The currently
approved agents include inhibitors 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
key roles in the spread of the viral infection together with another
viral surface glycoprotein, 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..

Oseltamivir is a prodrug that is metabolized to its active form,

oseltamivir carboxylate, after oral administration, while zanamivir

"is designed for delivery by inhalation. Recently ‘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 prescribed frequently for the treatment of influenza in
Japan and its consumption accounting for more than 70% of that
around the world, Tamiflu has been suspected to cause abnormal

+ Corresponding author. Mailing address: Division of Biochemistry,
Miyagi Cancer Cenier Research Institute, Natori 981-1293, Japan.
Phone: 81-22-384-3151. Fax: 81-22-381-1195. E-mail: miyagi-tal73
@gref.miyagi.jp.
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behavior and deaths in Japan, particularly in teenagers, although
no statistically significant relationship has been established up to

the present. Since both of the drugs are targeted against the viral’ i

sialidase, the question has arisen .as to whether they may also

. affect the activities of the endogenous sialidlases in humans. In
fact, there have been a number of observations (5, 10, 18, 29)

pointing to the inhibitory effects of oselfamivir on the endogenous
sialidases in rats and mice; however, the question 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-

vestigate the effects of these drugs on the activities of endogenous .

human sialidases.

-Up to now, four types of human sialidases have been iden- -

tified and characterized, designated NEU1; NEU2,NEU3, and
NEU4 (15). They differ in their subcellular Jocalization and

enzymatic properties and in the chromosomal localization 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, cytosol, and

plasma membranes, respectively, while NEUA4 is localized in "

the lysosomal lumina or mitochondria and intracellular mem-
branes. We previously discovered (14) that the primdry. struc-
ture of rat cytosolic sialidase, the first example of mammalian
sialidase, contain several Asp boxes (-Ser-X-Asp-X-Gly-X-

Thr-Trp-) and the Arg-lle-Pro sequence, the conserved se- -

quences found in siaiidases from microorganisms (22), despite
having no particuiar similarity to ihose sialidases. The se-

quence, alignment of other mammalian sialidases successively
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cloned revealed that they all contain the conserved sequenécs_.
A recent study of the crystal structure of human recombinant
NEU2 (3) has provided further evidence of a canonical six-

_ blade beta-propeller structure, as observed for viral sialidases; -
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with the active site in a shaliow crevice, but there are some

differences from viral and bacterial sialidases in amino acid

residues recognizing the N-acetyl and. glyoerol moieties of-
2-deoxy-2,3-dehydro-N-acetylneurarhinic acid (NeuAc2en).

The lysosomal sialidase NEU1 acts effectively on oligosaccha-
rides, glycopeptides, and a synthetic substrate, 4-methylumbel-

- 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, NEU3, and NEU4 and at pH 5.5 to 6.5 for NEU2.

Sialidases of mammalian origin not only have been nmphcated .

in lysosomal catabolism, playing a role as general glycosidases,
but are also believed to play roles in the modulation of func-
- tional molecules involved in many biological processes,:
whereas the roles of the sialidases froin microorganisms ap-
pear to be limited to nutrition and pathogenicity (4). Although
many functional aspects of. the mammalian sialidases are not
fully understood, partly diie to the enzyme instability and low:
activity, recent developments in sialidase research have clari-

fied their important biological 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 amino 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 recombinant sialidases.

MATERIALS AND METHODS
Celt culture and sialidase transfection, Human kidney 293T cells (Riken BRC’

Cell Bank, Tsukuba, Japan) were maintaincd‘in minimal essential medium supple- -

ménted with nonessential amino acids and 10% heat:inactivated fetai b serum.
Eukaryotc expression vectors for NEU1, NEU3, and NEU4 were prepared by

inscﬁirig the respective human sialidasé cDNAs covering the open reading frames

(11, 28, 30) with the FLAG ¢pitope at the C termini into the EcoRI site of the
PpCAGGS vector (a generous gift from Jun-ichi Mlyazalu, Osaka University School
of Medicine) under the-control of the chicken B-dctin promotes.

To obtain the NEU2 cDNA, the fissi-strand cDNAs were synthesized fmm

. poly(A)* RNA from human brain (Clontech) using oligo{dT),,.,s primers and -
. murine levkemia virus reverse transcriptase (Superscriptl] reverse transcriptase;

“Invitrogen) and applied as templates for the PER described previously (30). To -

' cover the entire coding scquence, the cDNA was amplified with the two primer

‘pairs with EcoRI sites (5'—ATGGCGTCCCTI' CCTGTCCTG-3", forward, and

5-TCACTGAGGEAGGTACT CAGC 3') using LA Taq polymerase (Takara),
subcloned into pBluescript, scq d, and cloned into the expression vector.

Transicnt DNA transfection into the HK-293T cells was accomplished using,
the Effectenc reagent (Qiagen) in accordance with the manufacturer’s instiuc-
tions. After 48 h of transfection, the cells were collected and homogenized, and
- the homogenates were uscd as the enzyme sources or for further purification. For.
" the NEU1 enzyme, a cDNA for a protective protein {carboxypeptidase A), which

" is known to be associated with thc NEU] protein (13) and B-galactosidasc as a
" complex in the lysosomes to indintain the sialidase activity {7), was cotransfecicd.
Quantitative analysis of transcripts of human sialidases by real-time PCR.
Quantitative analysis of the transcripts for human sialidases was performed by’
real-time PCR using the Ligh!Cyder rapid thermal cycler system (Roche). The
first-strand cDNAs were synthesized from poly(A)” RNAs from human lung and
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brain (Clontech) using random primers and murine leukemia virus reverse trans-

criptase (Superscriptll) and applied as templates for- the PCR. The PCRs were
carried out in glass capillary reaction vesscls (Roche) in 20-pi vlume reaction

mixtures containing 0.5 uM primers, cDNA, and QuantiTect SYBR green PCR -

master mix (Qiagen) using porphobilinogen deaminase as.an internal control. A
standard curve for cach cDNA was generated by seal dilution of the pBluescript
vector containing the gene encoding the entire open reading frame, as described

previously (30). .
Preparation and purification of the recombinant sialidases. The cells (2 X 107

 10.5 X 10°) transfected with FLAG-tagged sialidasc cDNA as-described above - -
“were collected, washed with phosphate-buffered saline, and sonicated on icein 9 -

volumes of ice-cold lysis buffer. The lysates were centrifuged at 1,000 X g for 10

min.at 4°C, and the resultant supérnatants (homogenates) were then used for -

measurement.of the sialidase activity or.for further purification. The lysis buffer
A for NEU1 and NEUZ2 contained 20 mM p phosphate (pH 6.8), 0.15 M

NaCl, 1 mM phenymethylsuifonyl ﬂuonde and protease inhibitor cocktail- .

- (Roche), and the lysis buffer B for NEU3 and NEU4 was buffer A containing 1

- mM EDTA and 1% Triton X-100. Purification of the recombinant sialidase

" proteins was performed using FLAG tag affinity chromatography as follows:
NEU2 was p\mﬁcd from the cytosolic fraction after ccnlnfugauon of the ho- ’

mogenates at 100,000 X g for 1 b, followed by affinity chromatography.” The
cytosolic l’raction of the cells was applied to an anti-FLAG M2 agarose column

" (1 ml)(Sigma), washed with 20 ml of lysis buffer A and successively with 10 mi

of the buffer containing 1 M NaCl, and cluted with buffer A containing the,

- FLAG peptides (100 pg/ml)- and- ‘10% glycerol. For NEU3 purification, the

solubilized fraction after centrifugation ‘at 20,000 X g for 15 min was applied to
the column and then washed with buffer B containjng 0.1% Triton X-100 (buffer
C), followed by buffer containing 1 M NaCl, and then eluted with buffer C plus
FLAG peptides and 10% glycerol.

Sialidase activity ys. The homog s or purified fractions obtained
above were used for measurement of sialidase activity using the synthetic sub-

. strate 4MU-NeuAc or ganglioside GM3’ (NevAca2-3Gal1-4Glcp1-1Cer)
(Alexis Biochemicals). The activities for NEU1, NEU2, and NEU4 were mea- |

sured routinely in 0.1 m! of a reaction mixture containing 10 umol sodium
acetate buffer (pH 4.6 for NEU1 and NEU4; pH 5.5 for NEU2), 40 nmol
4MU-NevAc, 0.1 mg bovine serum albumin, and enzyme. After incubation for 15

- 10 30 min at 37°C, the 4-mcthylumbclliferone velcased was determined Auoro-
“metrically (14). The reaction mixture for NEU3 activity comtained 5 pmol so-
dium acetate buffer (pH 4.5), 10 nmol ganghosndes GM3, 50 pg Triton X-100,50 -

‘ug bovine serum albumin, and enzyme in.50 p) and was incubated for 20 10 30
min at 37°C. The sialic acids released from GM3 were measured by fluorometric-
high-performance liquid chromatography with malononitrile (27). Occasionally,
NEU4 activity was also assayed with GM3 as the substrate in the same manner..
Protein concen(rauons were determined by dye-binding’ assay (Bio-Rad Labo-
ratorics). Onc unit was defined as the ar of enzyme ck

l. A

Q= e
n ser p

TLC. After 48 h of transfection, the cells- were cul

medium for 5 h, followed by treatment of cach drug for a further 5 h, and the -

cells were ,collecled and subjected-to thin-layer chromatography. (TLC). Glyco-

lipids were extracted from the cells (1 X 10%) in sequence with 2 ml of i isopro- . ..

panol-hexane-water (55:25:20 {vol/volivol]) and hydrolyzed with 0.1 M NaOH-

) methanol. After desalting was done using a Sep-Pak C,y canﬁdge,_to(al tipid ~
extracts were fractionated by TLC on high-performance’ TLC plates’ (Baker,

Phillipsburg, NJ) in C-M-0.5%  CaCl, (60:40:9. [volivolivol]) and visualized with

_orcinol-H,80,. Densitometric analyses were performed asing the Saon Jmage .
. (Scion Corp., Frederick, MD) and Quantity One (Bio-Rad Laboratones) soft-

- ware programs.

g 1 nmol of sialic

gojumog

Lectin blotting. To observe the changes in the amounts of the endogcnous R

' glycoproteins, lectin blot analysis was conducied with peanut agglutinin (PNA).

and Ricinus communis-agglotinin (RCA) (Honcn, Tokyo, Japan). After 48 hof =~ i

* transfection, the cells were cultured in serum-depleted medium-for 5 b, followed. .
-by treatment of each drug for a fusther 5 h, and the cells collecied were st.lbjectcd L
. 1o lectin blomng. Cell homogenates.were resolved by sodium dodecyl sulfate-

polyacrylamldc gel electrophoresis (SDS-PAGE) and transferred to polyvinyl-
idenc difluoride membrates. 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, the lectin-bound glyco-

" proteins were visualized with horseradish pcroxndasc-streplavndm (Vector, Bur-

lingame, CA)
Inhibition assay of i ialid:

virus activity. Inhibitory activity against

"the influenza sialidase activity was asscssed using 2 fiorometric method with

slight modification (21). Influenza viruses from human and animal jsolates were

propagated in allantoic cavities of 11-day-old chicken eggs for 48 h at 35°C and -
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Relative mRNA lgvel

NEU1 NEU3

: purified by sucrosc density gradient centrifugation as described previously (24).
_ To obtain an appropriate virtis concentration for use in the assay, the sialidase

- ) “NEU4 o
FIG. 1. Comparison of the endogenous expression levels of four sialidases in the human brain and lung. Quantitative analyses of the transcripts
were performed with real-time PCR using porphobilinogen deaminase as an internal standard as described in Materials and Methods. Bars indicate
the standard deviations of the means for experiments performed in triplicate. - ' .

[

. activity.of each virus was first determined in a total volume of 10 pk: cor_ntgining ’
10 mM acetate buffer (pH 6.0), 80 M 4MU-NeuAc substrate, and various

C rations of infl

22 virus solution. After incubation for 30 min at 37C, |

.the reaction was stopped ‘and- 100 .1 of the solution was transferred to a 96-well

black plastic plate, and the fluorescence was monitored. For the inhibition assay,
4 ) of each dilution of each inhibitor was preincubated with 4 ul of influenza
virus solution for 1 h at 4°C before the addition of 2 wl of 400 pM 4MU-NeuAc
substrate in 10 mM acetate buffer (pH 6.0) to begin the reaction. V

RESULTS

0.02

NEU2

presence of oseltamivir phosphate, -oseltamivir carboxylaté_

- (Toronto Research Chemicals Inc., ON, Canada), or zana-

mivir (26). Considering the .substrate - specificily, the sub-

strates exogenously added routinely were 4MU-NeuAc for

NEU1,.NEU2,.and NEU4 and. the ganglioside GM3 for
NEU3, because the former three can preferentially hydro-

lyze 4MU-NeuAc and NEU3 acts almost specifically on gan- -

gliosides (15). Due to the broad specificity of NEU4, the
activity was also assayed here with GM3 and 4MU-NeuAc to

_ exclude the effects of differences in the substrate. After 15 to

Inhibition assays of human sialidase activities for oseltamivir

and’ zanamivir. Qur previous results from gquantitative real-
time PCR indicated that the expressions of NEU1, NEU3; and
NEU4 are readily detectable but expression of NEUZ2 is hardly
* detectable in human tissues (30). To determine whether NEU2
is actually expressed in humans, we attempted to clone the
. cDNA, because NEU?2 has been characterized only using ‘a
genomic clone constructed by ligation of two genomic frag-
“‘ment sequences (17). A NEU2 cDNA clone 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 NEU2 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 quan-

titatively using standard curves of respective cDNAs; those -

- from the brain and lung are shown in Fig. 1. NEU1, known as
a target gene for sialidosis, was expressed at the highest level,
followed by NEU3 and NEU4, which were generally expressed

at 1/101 or 1/20 of the level of NEU1. Expression of NEU2 was

observed at extremely low levels, being at most only 1/4,000 to
1/10,000 that of NEUI1 in several tissues. ‘
To obtain preparations of all four enzymes, we transiently

" 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

by FLAG. peptide elution through FLAG affinity chroma-"

tography (Fig. 2A), were assayed for sialidase activity in the
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30 min of incubation, the released 4MU and sialic acids
were determined using a ﬁuoror’n’e(e;i and using fluorometric
high-performance liquid chromatdgraphy, respectively. The
50% inhibitory concentration (ICs,) of each compound was
calculated by plotting the decrease in activity against the log
of the agent concentration. Oseltamivir phosphate did not
affect ariy 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 NEU2 appeared to be inhib-
ited, but with a very high 1Cso. In contrast, oseltamivir

carboxylate was fully active against the influenza virus siali-

dases, with 1Cgs in the nanomolar range under the condi-
tions described in Materials and M_ethods’.'Ixi-addilion, a
nonselective sialidase inhibitor, NeuAc2en, showed clear

_ inhibition in- the micromolar range. While zanamivir did
_cause substantial inhibition of the human sialidases; the

effects were much less marked than those in testing against
the viral enzymes. NEU2 and NEU3 seemed to be more
susceptible than the other two sialidases to zanamivir. In-
terestingly, the ICs, was the lowest for NEU3, which is

plasma membrane with its substrate gangliosides. The K,

and K; values of the compounds for-human sialidases were
then compared using the homogenates (Table 2). Zanamivit
was Jess inhibitory against NEU1 and

approximately 300- and 20-fold higher, respectively, than

N aiUBLs

NEUAM, with K' values -
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- FIG. 2. The effects of oschamivir carboxylate and zanamivir on sialidase activities. (A) Afier SDS-PAGE. of NEUZ (left) and NEU3 (right) enzymes purified -
by FLAG affinity chromatograplyy, protein staining, Coomassie brilliant blue.(CBB) for NEU2 and silver staining for NEU3, and Westemn blotting (WB)‘were
performed 6 evaluate the degree of purification. The enzymes were assayed with increasing concentrations of 4MU-NeuAc-or. GM3 as a substrate with or.
without zanamivir (B).or oseltamivir carboxylate (C). The K,,, and K, values were calculated from these results.
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TABLE 1. ICsos of oseltamivir carboxylate, zanamivir, and NeuAc2en for activities of human and influenza virus sialidases” -

I1C;,,” of inhibitor with subst{atc

Sialidase - . Oseltamivir carboxyl Zanamivir with: NeuAc2en with:
' _ with 4MU-NeuAc AMU-NewAc - GM3 AMUNewAc oM3
Human sialidases . _ ‘ :
NEU1 : " >10,600 pM 2713 2239 uM . ND 168 + 232 uM ND
 NEUZ2 >6,000 uM 164 = 20M ND - 455+22uM ND
NEU3 >10,000 nM ’ ND- 68+31pM - ND . 703+153
‘NEU4 . ) - >10,000 pM 487 =292 uM 690 + 127 pM 733 '_':-.8‘7 M "ND
Sialidases from: :
- A/PR/8/34 virus (HIN1) 709 nM | . 1.56 nM ND
A/Aichi2/68 virus (H3N2) 1.55 oM 2.66 M ND'
~A/DK/HK/313/4/78 virus - 495nM | 397aM. ND -
C(H5N3) L N

e ® NEU3 was evaluated using the ganglioside GM3 as a substrate because of its strict preference, and in addition to GM3, 4MU-NeuAc was used as another substrate

for NEU4. In the experiments with human sialidases; each value for zanamivis or NeuAc2en represents the mean % SD of threé or four experiments. For virus sialidase, .

each value was obtained by performing two experiments. ND, not dctqnnined.

v

zanamivir.  To. conﬁrin ‘these results, NEU2 and NEU3,
which were found in 'this experiment to.be a littlé more
. gensitive to the .drugs than the other enzymes, were then

" purified by FLAG tag affinity- chromatography. The final °

_.enzyme fractions were detérmined to be apparently homo-
‘genecous by SDS-PAGE (Fig: 2A). The specific activities of

the purified fractions were 1,906 * 659 U/pg protein for’

NEU2 and 934 * 183 U/pg protein for NEU3. The K.,

" values calculated were 22.92 + 8.0/s for NEU2 and 13.0 %~

"2.4/s for NEU3. The K; values of oseltamivir carboxylate and
zanamivir for purified NEU2 were 8,373 = 1,491 and 11.2 =
0.89 uM, respectively, and the K., toward 4MU-NeuAc was
© 1,865 = 285 pM. For NEU3, the K; of zanamivir was 5.12 =
'1.12 pM and the K,, 99.4 = 15.2 mM with the GM3 sub-

. These values are similar to th i i : : o L
- strate. Thes ' : - ose obtained with the _ substrate prefefence of - NEU2. However, no significant -

- homogenates as the enzyme sources, as shown in Table 2.

" The enzymes were assayed-with increasing concentrations of

* . substrates in the presence-or absence of the drugs, and the
= kinetic data iridicated 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 = 1,491 pM) than that (432 pM) reported by Li et al.
an. - . S '

TABLE 2. K,, and K; values for human.sialidases”

K... (LM), of substrate K, (11M) of inhibitor with substrate

T Oseltamivir Zanamivir with:
Sialidase 4MU- " GM3 carboxylat -
NeuAc withh 4aMU- - 4MU- .GM3
: " NeuAc NeuvAc - -
NEU} . 1,816 % 490 ND ND 1,121 = 250 ND
- NEU2 1,795 272 ND 6,032+ 2183 129 x 007
NEU3 ND 45.6 = 10.5 ND ND 372 + 048
NEU4 203 291 ND ND .745 * 1.48 ND

~ Each value represenis ihe mean = standard deviation of thiree or four
experiments. The gangiaside GM3 was used as a substrate for NEU3 because of
its strict preference. ND, not determined. The K, and K; values measured with _
purified enzymes are described in the text.

" against 'NEU3.._On the other hand, the K; value of oseltami-
vir carboxylate for NEU2 was much higher. than that of -

Effects of oseltamivir and zanamivir on ‘desialylation of en-

with an exogénously added substrate in the assay tube de-

. scribed above, we examined whether desialylation of endoge- -
nous substrates by NEU2 or NEU3 was blocked in the pres- -

ence of these drugs in the cell .cultu_l"e.' The -homogenates of
sialidase transfected and mock-transfected cells ' were subjected

to lectin blotting or TLC to analyze the changes in the amounts-.
of glycoproteins or gangliosides, respectively. As shown in Fig. -

3, the significant changes were observed in the transfected cells

compared with those in the control cells. A marked increase in |
several bands of RCA and PNA lectins, recognizing Gal-

GlcNAc and Gal-GalNAc, respectively, was observed in the
NEUZ-transfected cells. Considering that the increase in the
intensities of the glycoprotein bands occurred as a result of
hydrolysis by the transfected sialidase, it is in agreement with

changes weré observed in the intensities of the corresponding
protein bands (Fig. 3A); either after the addition of oseltamivir
phosphate or after the addition of oseltamivir carboxylate at-a
concentration of 500 uM, as expected from the results of the
activity assays. Although zanamivir at this concentration was
effective in the activity assays, as shown in Tables 1and 2, the
drug did not seem to inhibit NEU2-mediated hydrolysis of
endogenous glycoproteins. 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
NEU3 enzyme. The zanamivir effects may be reasonable, be-
cause NEU3 is localized in cell surface membranes. The cells
" did not show any morphojogical changes after the addition of
these drugs to the culture. These results suggest that oseitami-
vir at this concentration inhibits neither the hydrolytic reac-
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dogenous substrates in cells. In addition to the inhibition test '
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FIG. 3. Effects of oseltamivir and zanamivir on desialylation. of endogenous substrates of 293T" cells. (A) Alterations of glycoproteins by . - -
transféction of NEU2.into 293T cells were observed by PNA and RCA lectin blotting. Intensities of several protein bands (right panel) indicated =~ - .
were: markedly increased in the NEU2-transfected cells compared to-the mock-transfected cells, but no significant changes were observed in the
NEU2-transfected cells after treatment with any of the drugs at the concentration of 500 M. (B) The glycolipids were examined by TLC in the.
NEU3-transfected cells. The transfected cells showed a marked decrease in GM3 amounts compared to mock-transfected cells. Neither addition
of oseltamivir phosphate nor that-of oseltamivir carboxylate changed the patterns, while zanamivir inhibited GM3 hydrolysis by NEU3. The relative

intensities of the bands corresponding to GM3 in TLC are shown in the right panel.
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tions of t.héT sialidases inside the cells nor the sialidasé activity
following éxogenous addition of substrates. E

N DISCUSSION -
- In the present study, we explored the inhibitory effects of

oseitamivir and zanamivir on four human sfalidases using their ~

recombinant proteins. The effects were examined by two meth-
. ods; namely, measurement of the inhibitory activity in sialidase
activity assays and estimation of the reduced desialylation of
endogenous: glycoprotein and glycolipid substrates ‘inside the

cells. Recerit observations have suggested a possible inhibitory -

* " potential of oseltamivir against endogenous sialidases. In mice,
_the drug decreased the GM1 of activated CD8* T cells in-
‘fected with a respiratory syncytial virus (18) and also blocked
‘GM1-mediated opioid hyperalgesia induced by low doses of

ANTIMICROB. AGENTS CHEMOTHER.

NEU1, NEU3, or NEU4 human sialidases while zanamivir
exhibits inhibitory ‘effects in the micromolar range against
"NEUS3 as the most sensitive form. We cannot arrive at any firm
conclusions at present regarding the potential association be-
tween Tamiflu and the abnormal behavior and deaths reported .
among- Japanese teenagers with influenza virus infection
treated with the drug, but our results do indicate that the drug

* might not exest any direct effects on the ganglioside-specific

plasma membrane-associated sialidase NEU3, expressed abun-

~ dantly in the brain. The present results were obtained with only

-~ morphine (5). In rats, it exhibited neurqéxcitatory effects;-es- .
pecially .under conditions- of simultaneous administration of -

ethanol (10).. With these animal models, however, no direct

inhibitory effects of the drugs on endogenous sialidases could
~ be showri. We do not yet know the molecular mechanisms
underlying these phenomena at present, but our data suggest

recombinant enzymes, and we also need to stress that the

" observed effects might not directly reflect the effects that might

be- observed under-physiological conditions inside the cells.
Since the plasma concentration of oseltamivir carboxylate is
reported to be 1.2 pM following oral administration of the

75-mg - capsule twice daily to patients -(http://www.rocheusa- '

' com/products/tamifiu/), endogenous sialidase is unlikely to be
4 direct target molecule. In the case of zanamivir, the plasma
concentration is observed:to be 0.05 to 0.43 pM- within 1'to2h

-following administration of a 10-mg dose (http/fus.gsk.com

. /products/as_sets/us_rclenza.pdf);- Our results also suggest neg-

that. they may not be the direct consequences of sialidase in-
hibition.- Decreased GM1 may not always-be due to sialidase -

inhibition and may also involve other processes; such as dis- -

turbance of the ganglioside synthetic pathway. In a report on

the effects of the drugs on the sialidases of PC12 cells, Tamiflu

“ was found to inhibit the sialidase activity induced by nerve
growth factor-dependent Trk receptor - activation (29). Al-

. though we tried to examine the inhibitory effects under the

~ same experimental conditions and confirmed induction of siali-
_.dase activity toward 4MU-NeuAc in a nerve growth factor-
) .-depe'hdem manner, we were not able to detect any inhibition
" of the activity in the cells at a Tamiflu dose of 1 mM. This
- ineffectiveness of Tamiflu is probably due to the absence-or low
. expression of carboxyesterase 1 (23) and P-glycoprotein (19) in
" the cells, which are involved in activation and transport of the
prodrug osetamivir, respectively. Studies. using recombinant
NEU2 sialidase (11) have shown that a variant with a nonsyn-

onymous single nucleotide polymorphism frequently observed' ‘

in'some Asian populations is.associated with lower sialidase
activity and higher sensitivity to oseltamivir than'the wild-type
enzyme. This is of particular interest: in the context of the
frequent occurrence of abnormal behavior and deaths associ-
_ated with Tamiftu use in Japan. ‘However, in addition to the
- extremely low expression of NEUZ in human tissues, including
" the brain, as shown in Fig. 1, our present data demonstrate that
very high concentrations of oseltamivir carboxylate 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 to the drug, even in the milli-
molar range, despite the drug inhibiting viral sialidases in the
nanomolar range. In contrast, zanamivir inhibited- NEU3 at
‘micromolar levels. In consistency with this, Nan et al. (20)
-reported that less than 1 mM zanamivir inhibited the endog-
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 data indicate that oseltamivir carbox-
ylate does not significantly inhibit constitutively expressed
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ligible effects, although it should be bomé 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 o sxamine newly discovered drugs targeting
. viral sialidases for their effects on endogenous human siali-
_ dases, in order to minimize potential side effects in patients.
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Abstract

- Introduction: Oseltamivir phosphate (Tamiflu) is an orally active anti-influenza drug, which is hydrolyzed by esterase to its carboxylate
metabolitc Ro 64-0802 with potent activity to inhibit the influenza virus. The abnormal behavior and death " associated with the use of
oseltamivir have developed into a major problem in Japan where Tamiflu is often prescribed for seasonal influenza. It is critical to determine
the amount of oseltamivir and Ro 64-0802 in the human brain and to elucidate the relationship between’ their amounts and neuropsychiatric
side effects. The aim of this study was to evaluate [''CJoseltamivir and {'!C]Ro 64-0802 in mice as promising positron emission tomography

- (PET) ligands for measuring their amounts in living brains. :

Methods: Whole-body biodistribution of ['!CJoseltamivir and [''CJRo 64-0802 was determined in mice using the dissection 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 [!'Closeltamivir and [''CJRo 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 ['CJoseltamivir and 0.38-0.02 for ["'CJRo 64-0802 (micro-PET). In vivo
metabolite assay demonstrated the presence of ['"Closeltamivir and {''C]Ro 64-0802 in the brains after [ Closeltamivir injection.
Conclusion: This study determined the distribution and metabolism of [''CJoseltamivir and {*'C]Ro 64-0802 in mice. PET could be used to

_measure their amounts in the living brain and to elucidate the relationship between the amounts in the brain and the side effects of Tamiflu in
the central nervous system.

. .© 2009 Elsevier Inc. All rights reserved.

keywords‘: Anti-influenza drug; ['!'C]Oseltamivir; {!!C)Ro 64-0802; Micro-PET; Brain uptake

1. Introduction ' because suicidal or abnormal behavior, especially in young
i E » patients, has been reported after Tamiflu ingestion [7].

~ Oseltamivir phosphate (Tamiflu, Fig. 1) is an orally active At present, the Japan label of the drug specifies that the

" 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 is a possible risk of neurological adverse effects [8], but the
carboxylate metabolite Ro 64-0802 (Fig.-1), a potent inhibitor mechanisms of this abnormal behavior are uncertain.
of the influenza virus {4—6]. This drug is regularly prescribed Qseltamivir 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
consumption accounts for up to 75% of all Tamiflu use world- proliferation of influenza virus inhibited by Ro 64-0802,
‘wide. However, the safety of oseltamivir has been questioned plays a role in CNS development and impulse conduction

[9-11]. In vitro study on brain slices demonstrated that Ro

64-0802 had clear effects on neuronal excitability and

) oseltamivir enhanced hippocampal network synchroniza-

+ Corresponding 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 experimentai animals and was likely caused by uptake of

0969-8051/8 — see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.nucmedbio.2008.10.008
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["C]oseltammr ["'C]Ro 64-0802

Fig. l Chemical structures of [”C]oseltammr and ["C]Ro 64-0802.

“oseltamivir and/or 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 amounts of oseltamivir and Ro

' 64-0802 in the human brain, and.the relationship between

. their presence and the side effects of Tamiflu, have not

been elucidated clearly [15-1 8]

Positron emission tomography (PET) is a useful i nnagmg
modality employing radioactive ligands labeled with positron-
emitting radioactive isotopes, such as carbon-11 (C; half life:
20.3 min), fluerine-18, nitrogen-13 and oxygen-15 [19]. PET
can be used to provide pharmacokinetic and pbarmacody-
namic information about a drug 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 drug [20,21], 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 ligands.

We have recently synthesized [“C]oseltamwlr and [''C]
Ro 64-0802 and determined their presence in mouse brains .

" using the dissection method [22]. Here, to aim their clinical

“usefulness, we performed a detailed preclinical. evaluation of
. ["'Closeltamivir and [''C]Ro 64-0802, respectively. Using a
dissection method and a small-animal PET (micro-PET), we
deterrnined the biodistribution of [*! CJoseltamivir and [''C]
Ro 64-0802 in various organs of the mouse, including the
brain. To elucidate the putative influence of radioactive
metabolites on PET imaging and data analysis, we then
examined the metabolism of ["C]oscltarmvxr and ("'CIRo
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

A. Hatori etal. / Nuclear Medicine and Biology 36 (2009) 47-55

synthesized by hydrolyzing oseltamlvxr with 1% NaOH

~ solution in our laboratory. All chemicals and solvents were -

of analytic or high-performance liquid chromatography
(HPLC) grade from Aldrich (Milwaukee, WI) and Wako
Pure Industries (Osaka, Japan). Carbon-11 was produced by
YN, o)''C nuclear reaction using CYPRIS HMIS
cyclotron (Sumitomo Heavy Industty, Tokyo, Japan). A
dose calibrator (IGC-3R Curiemeter; Aloka, Tokyo, Japan).
was used for all radioactivity measurements if not
otherwise stated. Reverse-phase HPLC was performed
using a JASCO' (JASCO, Tokyo, Japan) system: effluent
radioactivity was determined usmg a Nal (T 1) scintillation -
detector system.

2.2. Production of [** CJoseltamivir and [''CJRo 64-0802

Radiosynthesis of [''Closeltamivir and [*'C]Ro 64-0802
has been previously published by us -elsewhere [22].
Briefly, [''CJAcCl [23), a labeling agent for radiosynthesis,

“was prepared by reacting methylmagnesitm bromide with. -

[''C]CO,, followed by chlorination with oxalyl chloride
[24). Purified [("'CJAcCl was reacted with the precursor
[22] in the presence of Et;N for 3 min at 80°C, followed by
treatment with 6 N HCL. Afier the two-step reactions, the -
radioactive mixture was purified by HPLC. [Waters -

~ XBridge Prep C18 5 pm column, 10 mm IDx250 mm,

CH;CN/H,O/Et;N (30/70/1), 5 ml/min, 254 nm] to give
[*'Closeltamivir. [“C]Oseltammr was then hydrolyzed
with 1% NaOH for .5 min at 100°C to yield [''C]Ro 64-
0802. From the end of bombardment, the synthesis times of
[''Closeltamivir and [''C]Ro 64-0802 were about 30 and
35 min, respectively. Starting from cyclotron-produced
[“C]co2 of 30-37 GBg, [''Closeltamivir (z=5) or.[''C}

Ro 64-0802 (n=3) was produced with 450-1130 MBq as - . g

an injectable solution.

Radiochemical purity, identity and specific activity were
assayed by analytical HPLC (CAPCELL PAK C,;3 column: .
4.6 mm IDx250 mm). The retention time (fr) was 6.5 min
for [''C]oseltamivir [CHsCN/HO/EtsN (30/70/0.1), *
1.0 mVmin, 254 nm)] and 5.2 min for [''CJRo 64-0802
[CH;OH/pH 6.8 phosphate buffer (4/6), 1.0 ml/min, 210 nm],
respectively. The identity was confirmed by coinjecting with
the corresponding nonradioactive sample. Radiochemical
purity was >98% for ['!Closeltamivir (n=5) and >97% for
[''CJRo 64-0802 (n=3), and the specific activity was
averaged to be 8.9 GBg/umol as 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 Institutes of Health and our guidelines

‘(National Institute of Radiological Sciences, NIRS, Chiba,

Japan). The studies were approved by the Animal Ethics
Committee of NIRS.
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. 2.4. Biodistribution study

2.4.1. Dissection method
A saline solution of [''CJoseltamivir or [""'C]Ro 64-
0802 (average, 15 MBg/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, kidney, stomach, smali
_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 the injected dose per gram of wet tissue (%
ID/g; meantS.D., n=4). All radioactivity measyrements

were corrected for decay.

2.4.2. Micro-PET

PET scans were performed using a small-animal PET
Inveon scanner (Siemens Medical Solutions USA, Knox-
“ville, TN). These experiments were performed three times
 for each ligand using different mice (»=3). Prior to the scans,
the mice were anesthetized with 1.5% (v/v) isoflurane. Afier
fransmission scans for attenuation correction for 2 cycles
(803 s) using a %7Co point source, dynamic emission scans
were acquired over 90 min in a 3D list mode with an energy
window of 350-650 keV. ['!C]Oseltamivir or [''C]Ro 64-
. 0802 (average, 15 MBq/100-300 pl) was injected via the
tail vein, while the animals were positioned on the scanner
bed before a dynamic PET study was acquired for 90 min.
All list-mode data were sorted into 3D sinograms, which
"were then Fourier rebinned into 2D sinograms-(frames, 4x1,
‘8x2 and 20x5 min). Dynamic itnages were reconstructed
with filtered back-projection using a Ramp filter. Regions
of interest (ROIs) were placed on the brain, lung, heart, liver,
kidney and so forth using ASIPro VM (Analysis Tools
and System - Setup/Diagnostics Tool, Siemens Medical

‘Solutions USA). ' :
" Time—activity curves (corrected for decay) in the organs

were obtained for each scan. For image analysis, CAPP -

" software, version 7.1 (CTI/Siemens), was used. Images were
calibrated to standardized uptake values (SUV5s) or to units of
becquerel per milliliter. The SUV was calculated according

to the following formula: measured activity concentration
(Bg/ml)xbody weight (g)/injected activity (Bq).

2.5. Metabolite assay in plasma and brain homogenate

2.5.1. In vitro

After mice (n=3 for each ligand) were sacrificed by
cervical dislocation, blood and whole-brain samples were
removed quickly from mice. A blood sample was centri-
fuged at 15,000 rpm for 2 min at 4°C to separate plasma,
300 p! 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 1) at 37°C for S min, [ Closeltamivir or [''CJRo
64-0802 (0.4 MBq/0.24 nmol/10 1) was added to the tissues,
respectively. At 1, 5, 15 and 30 min after incubation, 15 pl of
the incubation mixture was withdrawn and immediately added
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) prepared from the

. plasma or brain homogenate was developed in the following

thin-layer chromatography (TLC) mobile phase: CHCly/
CH,OH/AcOH (5/2/0.1). The TLC plate was air-dried and
placed in contact with a imaging 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, FUJIIFILM Co.). The percentage of

["'Closeltamivir (Rg: 0.75) or ['!'C]Ro 64-0802 (R¢: 0.38) to

total radioactivity on the TLC chromatogram was calculated

" as %=(peak area for [‘'C]ligand/total peak area)x100.

After radioactivity decay, the protein concentration in
each incubation mixture was measured by the Lowry
method. From {''Closeltamivir experiment, the formation
rate of [''CJRo 64-0802 in plasma protein and brain protein

.was calculated as:

F=(4 xR)/(100 x P x T) |
where F is the [''C]Ro 64-0802 formation rate (pmol/min/

- mg protein), 4 is the amount of [' Closeltamivir added to the

incubation mixture (pmol), R is the percentage of ["'C]Ro
64-0802 at an observation time 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. In vivo :

After intravenous injection of [''Closeltamivir (30—
44 MBg/200-300 ul) into mice (n=3), these mice were
sacrificed by cervical dislecation 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 separate plasma, which (300 pl) was
collected in a test tube containing CH;CN (300 pl). 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 homogenate was centrifuged at 15,000 rpm for*
2 min at 4°C, and the supernatant was collected and
deproteinized for analysis.

An aliquot of the sample (100-500 i) 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 [*'CJoseltamivir (tg=5.6 min)
or [''C]Ro. 64-0802 (fr=2.4 min) to total radioactivity
(corrected for decay) on the HPLC chromatogram was
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- calculated as %=(peak area for [''C]ligand/total peak
area)x100. The recovery ratio of radioactivity eluted from
. the HPLC column was >95% for the plasma and brain
homogenate samples.

3. Results
'3.1. Biodistribution |
" The biodistribution of [*'Closeltarnivir and [''CJRo 64-
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‘and muscle. Radioactivity accumulated in the large intestine

over time. The lowest radioactivity was found in the brain
(0.20:0.01% at 1 min, 0.16£0.01% at 5 min, 0.14:0.01% at
15 min, 0.09+0.02% at 30 min and 0.06£0.02% ID/g at
60 min after injection). Despite the low level, the decrease

- rate of radioactivity in the brain was much slower than that in

0802 in mice was measured as the decay-corrected -

. percentage injected activity per gram of tissue (% ID/g).

" Fig. 2A-shows the data of [''Closeltamivir in 11 specific
- regions of mice. After the tracer injection, high initial uptake
. of radioactivity was found in the blood, lung and heart,

followed by a rapid decrease of radioactivity in these organs..
. Radioactivity accumulated in the liver, small intestine -and

kidney from the early time point, peaked at about 15 min and

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 afier injection. o :

Fig. 2B shows the data of ['"C]Ro 64-0802 in the same
regions as in the ['CJoseltamivir experiment. [''CJRo 64-
0802 displayed higher initial radioactivity in the blood and -
then faster washiout from the blood than [''Closeltamivir -

-~ described above. A high level of radioactivity was detected

declined until .the end of this experiment. The maximum -
_1ével of radioactivity was detected in the kidney among all .

- the organs examined. Compared to other peripheral organs,

relatively low uptake was measured in the spleen, stomach

in the kidney, which decreased rapidly from 5 min after the
tracer injection. Except in the kidney, radioactivity concen-.
tration in the other organs was extrémely low. In the brain, -
radioactivity was 0.39+0.08% at 1 min, 0.19+0.06% at

5 ‘min, 0.0840.01% at 15 min, 0.06+0.02% at 30 minand

0.030.01% ID/g at 60 min after injection. Calculated from

‘the averaged weight (0.45 g) of the inouse brains used here,

A o5
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20 | w5 min
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Fig. 2. Biodistribution in mice (n'—‘-4 for each ligand) by the dissection method. Radioactivity was expressed as the percentage of the injected dose per gram of
tissue or organ (% ID/g; meantS.D., n=4). (A) [M'Closeltamivir. (B) [''CIRo 64-0802.
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A

0-1 min 4-6 min

i—0:=1'min" —4-6 min 14-16 min

Fig. 3. Typical static micro-PET images at different time points after tracer injection. (A) [

three mice for each ligand.

-0.176—~0.014% of injected [''CJRo 64-0802 was present in
the whole brains within this experiment.

3.2. Micro-PET

The biodistribution of [ CJoseltamivir and [*' CJRo 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 at different time points
after injection of [''Closeltamivir (Fig. 3A) and [''CIRo
64-0802 (Fig. 3B). The injected dosing solution was carried
through the vena cava to the heart, and then ('l
. oseltamivir or [”C]Rd 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
‘urinary 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 urinary bladder, decreased gradually around
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Closeltamivir. (B) [''CRo 64-0802. PET scans were performed for

16 min afier injection. On the other hand, after the injection
of [''CJRo 64-0802, the renal -elimination _pathways
dominated -the whole-body distribution. Most radioactivity

0,60

—a— ["'Closeltamivir

—o— ["'CJRo 64-0802

Radioactivity (SUV)
(- =]
8 8

0.10
0.00 . . . — . R . — .
0 10 20 30 40 50 60 70 80 20
Time {min}

Fig. 4. Time-activity curves of ['Coseitamivir and ["'CIRo 64-0802 in
mouse brains (n=3.for each ligand). Radioactivity was detected and
expressed as SUV. The SUV (meantS.D., n=3) was calculated according to
the following formula: measured activity concentration (Bq/ml)xbody

weight (g)/injected activity (Bq).
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' Fig. 5. Percentage (mean:kSD n—3) of ["C]osexwmm and ["C]Ro 64-

0802 in the plasma and brain homogenate of mice (#=3) at four time points * -

aﬁer incubation of ["C]oseltammr )

was rapldly cleared from the kldneys and dlrectly excreted
by the bladder.

Quantitative results of the radloactmty concentrations of

"["C]oseltamwlr and [''C]Ro 64-0802 in the brains over time
are shown in Fig. 4. Despite the relatively high initial uptake,
about 50% of highest radioactivity in the brain had rapidly

A
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pmol/mg protein
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a - 5 i0 i3 20 25 30
Incubation time (min)

20 25 30

decreased by 5 min after the injection 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. -

33 Metabolite assay ,' :

Fig. 5 shows the in vitro. metabohc results of [”C]
oseltamivir and [''C]JRo 64-0802 in the plasma and brain
homogenate of mice. After .incubation of [''Closeltamivir
with plasma, ['!Closeltamivir was rapidly metabolized to
['CJRo 64-0802. The fraction corresponding to unmetabo-" -

. lized ["C]oseltamwlr in the plasma decreased to 25% at

5 min and had almost dlsappeared ‘at 15 min. In the brain

homogenate, [”C]oseltamxvu displayed a slight decrease -
over time..[''CJRo 64-0802 was identified with radio-TLC
as the main radioactive metabolite. Fig. 6 shows the amounts
of ["'CJRo 64-0802 produced by the enzymatic hydrolysis of
[*'C]oseltamivir in the plasma (Fig. 6A).and brain homo-

genate (Fig. 6B). The formation rate of ["C]Ro 64-0802in -
_ 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 protein. The in '
. vitro enzymatic activity hydrolyzing [*'Closeltamivir to

['*CJRo 64-0802 in the bram was about 250 times lower than

"that in the plasma.

On the other hand, [''CJRo 64-0802 was stable when

~ exposing this ligand to the plasma and brain homogenate for

30 min.

0.6 i
. Brain

" pmol/mg protein.

[AINE
(=3

G 15 20 25

[+
(%]

Incubation time (min)

~ Fig. 6. Amounts (meath D., n=3) of [“C]Ro 64-0802 produced by enzymatic hydrolysis of [''Closeltamivir in the plasma (A) and bram homogenate (B) of.

‘mice (n—3) at four time points after incubation of | 1 Closeltamivir.

66



A. Hatori et al. / Nuclear Medicine and Biology 36 (2009) 47-55 53

100

8

. ‘ -
))//’—;-L [''C]Ro 64-0802, plasma

60

-0 ["'C}Ro 64-0802, brain
50 ‘ —9— [“'Closeltamivir, brain
40 " @ ["'Closeitamivir, plasma
30
20

% of radioactivity

|

°©

0 s 10 15 "20 25 . 30
~ Time (min) after injection

Fig. 7. Percentage (meantS.D., n=3) of [!Closeltamivir and {*'CJRo 64-
0802 in the plasma and brain of mice at four time points after injection of
.. ["'Closeltamivir (30—44 MBq) into mice (n=3). )

Fig. 7 shows the in vivo metabolic results of (''cl
oseltamivir in the plasma and brain. After injection into the
mouse, [''Closeltamivir 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, [ 1 Closeltamivir decreased to 48% at 1 min

- and fo 37% at 5 min. [''CJRo 64-0802 was observed as -

another main radioactive componeént on HPLC  charts.
Within this experiment, 66-88% and -52—68% of total
radioactivity in the plasma and brain were assigned to [''C]
Ro 64-0802, respectively. :

-4, Discussion

This study describes the biodistribution and metabolism
of the anti-influenza drug [''Closeltamivir and its active
_metabolite [''C]Ro 64-0802 in mice. In these experiments,
we determined the presence and amounts of the two PET
ligands in the living brains of mice. These findings are
useful in elucidating the cause of the side effect of Tamiflu
in the CNS. :
As can be seen from the distribution data (Fig. 2), at
1 min after tracer injection, [''CJRo 64-0802 displayed
higher initial uptakes in the brain (0.39% ID/g) and
blood (6.69% ID/g) than [''Closeltamivir in the brain
(020% 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
radicactivity in the brain. At 60 min, the level of [''C]
oseltamivir (0.06% ID/g) was twofold higher than that of

['C]Ro 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
accumnulating in the brain. The ratios increased from 0.07 to
0.14 for [*'C]oseltamivir and from 0.06 to 0.13 for [''C]Ro
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 radioactivity concentration of

[''CJoseltamivir 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 ' CJRo 64-0802 was at SUV 0.33-0.02 (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 [''C]
oseltamivir and [''CJRo 64-0802 in the mouse brains were

_much lower than some useful PET probes [25-27] developed

by us for clinical brain imaging. Ro 64-0802 is a potent
inhibitor of the influenza virus. However, this acidic

.compound has low lipophilicity, with a clogP (P: octanol/

water partition coefficient) value of —0.97 calculated with a
Pallas 3.4 software. The low lipophilicity of [''C]Ro 64-0802
may restrict its passage through the BBB at a high
concentration. On the other hand, oseltamivir, an ester
prodrug of Ro 64-0802, becomes more lipophilic (clogP:

.1.29) than Ro 64-0802. This improved lipophilicity increased

the uptake of [''Closeltamivir through various. peripheral
organs, as reflected in Fig. 3A. By contrast, [(*'CJRo 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 ('
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-glycoprotein

(P-gp) [28,29]. The high density of P-gp at the BBB may
restrict the entrance of [''Closeltamivir 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 [''C]Ro 64-0802 in the plasma. In the
brain homogenate, [''C]JRo 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 [''Closeltamivir and [''C]Ro
64-0802 in the plasma as well as the brain, respectively
(Fig. 7). The presence of ['! CJRo 64-0802 in the brain may
be because (a) [ C]JRo 64-0802 itself entered the brain from
the plasma or () [''CJRo 64-0802 was yielded by the



54

hydrolys:s of [''C]oseltamivir with esterase in the brain. Thxs
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 0.5 pmoV/mg brain protein -

was measured after exposing [*!CJoseltamivir to the brain
homogenate for 30 min (Fig. 6). Thus, while determining
[!'C]oseltamivir 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 metabolite assay of

["'CJRo 64-0802 in the brain. Unfortunately, due to the low

radioactivity in the brain, we failed to obtain statistically
significant results. We assumed that the in vitro stability of
["ICJRo 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
metabolism 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

:lrgand with high specific activity. Since the carrier mass
. contained in the injected ['!Closeltamivir was only 0.01-

0.1 mg/kg, the carrier might -be easily hydrolyzed by
estérase present in the brain. However, the amount of

nonradioactive oseltamivir used for the previous analysis

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,

' for clinical PET investigation of [''Closeltamivir and [''C]

Ro 64-0802, a radioactive metabolite assay- should be

performed using human plasma.
The present evaluation of adult mice showed that micro-

"PET could be used to measure the amount of [''C]

" oseltamivir and ["'C]JRo 64-0802 in the living brain with a

_imature BBB. Although radioactivity levels in the brain. were
~ not so high, their uptake may be increased if the BBB is
- immature or impaired. In fact, the amount of nonradioactive

oseltamivir in the brain was reported to be significantly high
in newborn rats [29]. On the other hand, organic solvents

.+ such as alcohol sometimes enhance BBB permeability [32].

Interaction with other CNS-active drugs may also raise the
possibility of the two ligands entering brains. Therefore, PET
could be used to elucidate the difference between mature and
immature (adult and young) or normal and abnormal states of

living brains. Although PET scan on young patients is not
easy, a PET study on human adults may be helpful to

a Aizi Ov

" estimate the amounts of ['!Closeltamivir and ["C]Ro 64-

0802 in the brains of young patients. Now, we are comparing
the uptake of the two ligands into the brain using rodents of
different ages and are searching for their binding sites in
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animal brains. The present results provxde ev1dence that the '
two PET ligands are worth investigating in human brains.

5. Conclusions

This study determined the distribution and metabolism of
["'CJoseltamivir and [''CJRo 64-0802 in mice. The two
promising PET ligands could be used to measure theéir
amounts in living brains and to elucidate the relationship
between their presence and amounts in the brain and the s1de
effects of Tamiflu on the CNS.
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Oseltamivir (Tamiflu), a neuraminidase inhibitor, is
widely used for treatment 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 func--

tion and behavior in animals, particularly when adminis-
tered in combination with ethanol. Based on this, it has
been hypothesized that interactions of oseltamivir with
other drugs may result in altered CNS excitability in
this study. It has been found that injection of ephedrine
and caffeine overcame inactivity induced by oseltamivir
and ethanol but did not alter changes in novelty seeking

_ behavior in a Y-maze test. In ex-vivo hippocampal slices,

oseltamivir carboxylate (OTC), an active form -of oselta-
mivir, alters excitability in the absence of ethanel. In

Introduction

The outbreak of bird flu (highly pathogenic avian
influenza A caused by H5N1 and H9N2 strains)
may kill millions of people worldwide if the infec-

tion spreads by human-to-human contact.12 Because

oseltamivir (Tamiflu®), an antiviral agent that acts as
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 Sudden death of

infants has also been reported after use of oseltami-
vir. These deaths may have resulted from influenza-

associated encephalopathy but questions about the -

safety of oseltamivir have arisen 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
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slices ‘prétreated 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 oseltamivir with
other neurostimulants may alter synaptic plasticity and
this may contribute te behavioral changes associated
with the drug. .

. Key words: avian influenza; caffeine; ephedrine; long-term

depression; oseltamivir; Tamiflu

Administration (FDA) issued a stronger’ psychiatric
warning about oseltamivir in 2008.° T
Oseltamivir is metabolized to oseltamivir carbox-
ylate (OTC)*° and other metabolites in the body."?
Sialic acid, which may inhibit cellular adhesion, is

‘cleaved by neuraminidase. Thus, it is_speculated

that neuraminidase, which is blocked by OTC, may
play important roles in the central nervous system
(CNS) function, including neurconal development
and impulse conduction.’-24 While treatment of
hippocampal neurons with neuraminidase increases

“-geizure -threshold, its blockade decreases seizire

threshold, suggesting that endogenous neuramini--
dase participates in the regulation of neuronal

activity.15 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.'? In
hippocampal slices, it has also been shown that
oseltamivir and OTC induced spike bursts through
neuronal synchronization.?® Although it has been

10.1177/09603271 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).20. It- has been shown
that systemic administration of oseltamivir causes
hypothermia in mice?! and increases dopamine
release from the prefrontal cortex in rats,2? indicat-
ing that systemically administered oseltamivir
reaches the CNS to alter neuronal function. 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.?? o

In light of this, it is important 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.??® Furthermore, BBB permeability to OTC
could be enhanced by the presence of alcohol, a
solvent that is known to increase BBB permeability
to other agents.?* Caffeine is also routinely
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  other neuraminidase inhibitors to manage
viral infections. In this study, we examined interac-
tions of oseltamivir and ethanol in combination
with caffeine and ephedrine in a rat-behavioral
test using a Y-maze. Because prior studies have
indicated that Y-maze performance is correlated
with synaptic long-term deptession (LTD),25-27 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-vivo study where we can apply
drugs directly at known concentrations, we used
OTC instead of oseltamivir, because we previohsly
observed that in hippocampal slices OTC is more
potent than its prodrug oseltamivir.l? Because
OTC has effects on slices in the absence of ethanol,
we specifically focused on the interactions of OTC
with ephedrine and caffeine.

Materials and methods

Animals

All experiments 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.
Dawley rats obtained from Harlan (Indianapolis,
Indiana, USA) at postnatal date (PND} 23 were

.teared with a cycle of 12h white light and 12h

dim light until experiments.

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, oseltamivir (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 body weight) of caffeine
{30 mig/kg) and ephedrine (30 mg/kg) in saline at an
interval of 2 h.

In subsequent studies, spontaneous alternation
behavior was examined using a Y-maze as previously
described.?6:27 In this test, a 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 apparatus 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 consecutive choices of three dif-
ferent arms- without re-exploration of a previously
visited arm. The percentage of alternations was deter-
mined by dividing the total number of alternations by
the total number of choices minus 2.?” The number of
completed alternations was determined by counting
the number of times that the rats successively entered
each of the three arms of the maze without reentering
a previously visited arm in first 12 entries or in
10 min, whichever came first. Thus, the highest
score possible on this measure is 10. Y-maze tests
were videotaped.

The initial Y-maze test was performed 1-2 h after
transfer of rats from the animal care facility. After
the 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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Hippocampal slice electrophysiology
Naive rats (postnatal date 28-35) were anesthetized
with isoflurane and decapitated. Hippocampi were
rapidly dissected, placed in artificial cerebrospinal
fluid (ACSF) containing (in mM) 124 NaCl, 5 KCl,
2 MgSQO,, 2 CaCl,, 1.25 NaH,PO,, 22 NaHCO;, 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 hippocampus and were placed in an incu-
bation chamber containing gassed ACSF for 1 h at
30 °C. Artificial cerebrospinal fluid was perfused at
2 mL/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 NaCl glass electrodes with resistances of
5-10 MQ. 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 input-output (I0) curve, LTD or long-term
potentiation (LTP) 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 15
stimulus train (LTP) using pulses of the same ampli-
tude. Folowing 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 obtained 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).
ANOVA 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 lzumi, et al.

Results

As previously reported, injection of oseltamivir
alone in rats did not induce abnormal patterns of

behavior.1” 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 simultaneously into 12 rats housed in
four separate cages. Administration of both agents
caused hyperactivity, including hopping, darting,
and sweating lasting over 30 min. While sweating
may be unusual in rodents, we observed that. drug-
treated animals developed a wet appearance of their
fur beginning in the neck region and eventually cov-
ering their entire body. No abnormal behaviors were
noticed subsequently. Another group of 12 rats was
pretreated with oseltamivir (50 mg/kg) and showed
similar hyperactivity immediately after injection of
ephedrine and caffeine. Inferestingly, two of these
12 rats attempted to mount other cage mates
2-3 hours 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 individually. 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 typically checked the arms of the maze
in an alternating fashion without re-exploring previ-
ously visited arms and routinely entered the arms of
the maze 12 times within a 10 min observation
period. Y-maze performance was not altered when
the test was repeated 2 to 3 hours 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 effects of
ethanol and oseltamivir in an animal behavioral
study,'” we treated 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 arn
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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Figure 1 The graphs show effects of systemic treatment of male rats (postnatal date 29-32) with a non-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-maze three times: before treatment with oseltamivir and/or etha-
nol, and 40 min after injection of ethanol alone or 2 h after injection of oseltamivir, and 40 min after injection of ephedrine and caf-
feine. Panel. A depicts the total numbers of entries into arins of the Y-maze (up to 12) in 10 min and is a measure of activity in the
task. Rats treated with ethanol 40 min prior to the treatment with oseltamivir show decreased activity in the maze (right purple col-
umn in A) *P < 0.05 against control before treatment. Panel B depicts the number of completed: alternations in the Y-maze, defined as
successive entry into each of the three arms of the maze without reentry into a previously visited arm. Rats treated with ethanol
40 min prior to the treatment with oseltamivir also showed impaired performance compared with ethanol alone treated rats after:
injection of ephedrine and caffeine (right green column in B). **P < 0.01 against control Y-maze score obtained before treatment.

Panel C-E show again the effects of systemic treatment of male rats with ethanol (1.0 g/kg, i.p.) alone (C), or oseltamivir (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 ethanol aloné or 2 h after injection of oseltamivir (triangles), 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 performance in the Y-maze (squares in E). *P < 0.05 by one way ANQOVA tesl.

subsequently became immobile with widely opened  the right cluster of Figure 1A). Interestingly, these rats
ears and ceased self-grooming. Because of this lim-  entered the arms of the maze randomly and the
ited activity, the number of alternating arm entries  Y-maze score remained low (Figure 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-maze
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-maze parameters were not altered follow-

“ pretreated with ethanol and oseltamivir, subsequent  ing injection of ephedrine and caffeine (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 with LTD in

entries (12 times in 10 min forall six rats) (right bar in ~ the hippocampus,2"-27 we examined the effects of
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OTC, an active metabolite of oseltamivir, on LTD
induction in the CA1 region. Oseltamivir is metabo-
lized to OTC in the brain after passing the BBB,?°
and we previously found that OTC is more potent
than oseltamivir in causing paired pulse facilitation
of population spikes. This enhanced excitability
results from altered dendritic propagation in hippo-
campal slices and does not require the presence of
ethanol.’” Therefore, in the following study, slices
were pretreated with 3uM 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 =75,
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 uM caffeine (squares in
- Figure 2C, EPSP slope 60 min after LFS: 80.7 + 3.9%
in caffeine, N=5) or 100 uM 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 (Figure 2B,
EPSP slope 60 min after LFS: 100.9 + 3.6%, N =5,
P <0.01 vs control LTD in both naive and pretreated
slices). In contrast, LTD was induced in the presence
of both agents in naive slices (Figure 2B, EPSP slope
60 min after LFS: 76.9 £ 5.4%, N =5). Neither OTC
alone nor the combination of OTC, caffeine, and
ephedrine had an effect on induction of LTP
induced by a single 100 Hz x 1 s 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, caffeine and ephedrine, data not
shown).

Discussion

This study shows that administration of a non-
sedating dose of ethanol in combination with oselta-
mivir resulted in diminished behavioral activity and
poor locomotion in rats. Evaluation of the changes in
behaviors is difficult, but the pattern of response in
‘the alternation task may represent a form of anxious
or fearful behavior as -manifest by altered
exploration.?® 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-greoming, alse suggesting an

augmented risk-assessing behavior.?? Immobility
{freezing) is also believed to be a second level of
defense and may involve assessment of a perceived
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Figure 2 Impaired induction of hippocampal long-term depres-

sion (LTD} with ephedrine and caffeine in slices pretreated with
3 uM oseltamivir carboxylate (OTC). (A) Time courses of change
in EPSPs in the CA1 region following LFS {arrows) in naive slices
(open circles} and slices treated with OTC (filled squares} (N =5,
each) are similar, suggesting that oseltamivir alone does not alter
LTD. (B) Simultaneous administration of 100 yM ephedrine and
100 pM caffeine inhibits LTD in slices pretreated with OTC (filled
squares) but not in naive slices (open circles) (N =5 in each). (C)
In slices pretreated with OTC, caffeine alone (squares) or ephed-
rine alone (circles) failed to inhibit LTD induction. However,
the inhibition was only partial with caffeine. Note that filled sym-
bols in each graph denote pretreatment with OTC. *P <0.05,
**P <0.01 by Student’s t-test 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 without oseltamivir. Traces to the right
depict EPSPs obtained before (solid line) and 60 min after (dotted
line) LFS. Scales: 1 mV, 5 ms.

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 reflect a form of a behavmral agitation.

It is also possible that oseltamivir alters cognitive

processes maintained through synaptic plasticity. Of
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importance 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.?6
Impairment of LTD induction by the combination
of OTC and CNS stimulants, which was observed
i: the present study, suggests that the combination
of drugs affects the synaptic plasticity that may
underlie this form of cognitive processes. It is also
possible that the combination: of drugs changes
synaptic function and plasticity in other than
regions of the CNS resulting in more profound
changes in behavior. ’

Intentionally or unintentionally, patients with flu
may consume CNS stimulants and other drugs.

Alcohol, for example, is commonly used socially.

and may be ingested to relieve some flu-like symp-
toms by young teenagers.?® Caffeine and related
campounds are often included in soft drinks, nutri-

~ tional supplements, and common cold regimens.?°

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.?! Impor-
tantly, herbs such as ma huang (ephedra) are not
free from adverse effects.32 Just as with oseltamivir,
suicides have been reported with abuse of
ephedra.®® Thus, it is possible that oseltamivir

, results in enhanced stimulant actions in the CNS

and agitated behavior when combined with other

remains unclear why these abnormal 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 common. We hypoth-
esize that the combination of oseltamivir with CNS
stimulants and/or alcohol could play a role in pro-
ducing abnormal behaviors and accidental deaths.
However, it is also possible that genetic variation
resulting in reduced sialidase activities, which is
detected in only some Asians, may account for the

-adverse effect of 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

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.34:35
It has been reported that P-glycoprotein at the BBB
plays an important role in accumulation of oseltami-
vir in the CNS.2° In P-glycoprotein knock-out mice,
oseltamivir concentration in the cerebrospinal fluid
(CSF) is 5.5-fold higher.3® 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 OTC in the CNS. Although it
has been reported that OTC concentrations in the
CSF in adult healthy volunteers administered
150 mg oseltamivir reach only approximately

0.1 uM,*” much higher levels are expected if the -

BBB is immature or impaired.
The relation between use of oseltamivir and
abnormal behaviors remain uncertain. It also
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drugs in event of an avian flu pandemic.
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