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Amdehfsrory‘ . Oseltamivir (Tamlﬂu’). a neuraminidase mhihitor. is effective for treating both seasonal flu'and HSN1
-Recejved 19 November 2007 influenza A virus infection, Oseltamivir is generally weli tolerated, antl its most commion adverse effects
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are nausea and vomiting. Howaevdr, feucopsychiatric behaviors including jumping and Elling from bal-
conies by young patients being treated by oseltamivir- have been reported from Japan; this has led to
warnings agatnst its prescribing by inany authorities: The pharmacological mechiariism of the neuropsy-
chiatric effects of oseltamivir remains.unclear, Many studies reported that changes in neurot@ansmission
ant abnormal behaviors are closely related..We investigated the changes in dopamine ‘and serotonin-
metabolism after systemic administration of oseltamivirin- the medial prefrontal cortex (mPFC} of rats
by using microdialysis. Aftér systemic administration of oseltamivir (25mgfig or 100 mgfkg: intraperi-
teneally (i.p.)), extracellular dopamine in the mPEC was significantly increased as compared to the coptyol
3.4-dihydroxyphenylacetic acid and homovanillic acid, the metabolites of dopamine,] had alsa
increased significantly. Serotonin was unchanged after the-administration of oseltamivir. These findings
suggest that oseltamiviv increased dopandine rélease in the mPFC; further, they suggest that the increase

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

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

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

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

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

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

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

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

influeiiza A viruses, several countries are- stockpiling oseltamivir

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

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

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

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

-in monozmine metzbolism in the brin during oseltamiviradmin-

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

b.'_ Tokyo,_lapan) was used.

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

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

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

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

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

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

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

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

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

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

f

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

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

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

The present study showed that oseltamivir increased DA lev-

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

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

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

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

tion of DA by monoamine oxidase within presynaptlc sites, should

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

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

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

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

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

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

BBB isimpaired and oseltamivir may reach the central nervous sys-

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

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

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

5-HT levels were unchanged after oseltamivir injection. Currently,
- it is not clear whether 5-HT neurotransmission is closely asso-
ciated with the abnormal behaviors observed during eseltamivir
treatment.

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

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

. In conclusion, systemic administration of oseltamivir increased.
the concentrations of DA and its metabolites in the rat mPFC in a
dose-dependent manner, These findings indicate; that oseltamivir
treatment is related to the mamfestatlon ofahnormal hehavmrs

Refereqces_ \

[1} ©). Drinka, T. Haupt, Emergence of rimantadine-resistant virus within 6 days'of
starting rimantadine prophylaxis with oseltamivir treatment a!‘symptumatic
cases, }, Am. Gerlatr, Soc. 55 (2007} 923-926,

2] M.M. Ferguson, D.A. Cummings, C. Fraser, J.C: Cajka, BC Cooley. D5 Butke,
Strategfes for mitigating 2n influenza pandemic; Nature 442 (2006)448-452.

[3] AA. Grace, Phasic versus tonic .dopamine release and the ‘modulation of |
dopamine system responsivity: a hypbthe_srs for the etiology of, schlzophrema
Neurpsclence 41 [1991) 1-24. :

- [4} 5.L Handley. LW, McEBlané, MACntchley.x.NJung'e Multiple serotonin mech- .

anisrs in animal models of anxiety: environmental, emotional and cogm:we
factors, Behav, 8rain Res. 58/(1993) 203-210.

. [5] G. He, ). Massareila, P. Ward, Clinical pharmacolinetics of the prodrug

oseltamivir and. its active metabuh:e Ro 64-0802, €lin. Pharmacokinét. »
(1999) 4714234,

. [6] Y. lzumi, K. Tokuda, KA., Odeli C.F. ZoTumski, T.. Narahashi, Neurcexcitatory

-actions of Tamiflu and its carboxylate metabolite, Neurosci, Lett, 426 (2007) °
54-58.

{7] V.J. Lee, KCH, Phua, M. Chienm, A ‘Chow, 5. Ma, K.T. Goh, ¥s., Leo, Economics of
neuraminidase inhibitor steckpiling for pandemic inAuenza, Singapore, Emerg.
Infect. Dis. 12 (2006) 95-102.

{8] C.A. Marsden, Dopamine: the rewarding years, Br. ). Pharmach 147 (Sugrpl. 1)
(2006) 5136-5144,

[9] AJ.McGCeer, W, Lee, M. Loeb, A.E. Simor, M. McArthur, K. Green, |.H. Benjamin,C. -
Gardner, Adverseefifects of amantadine and oseltamivir used during respiratory
outbreaks in a center for developmentaliy disabled adults, Infect. Control Hosp
Epiderniol, 25 (2004) 955-961.

[10] K. Morimoto, M. Nakakariya, ¥. Shirasaka, C. Kakinumd, T. Fuma. L Tamai, T,
* Qgihara, Oseftamivic (Tamiflu) efMux transport at the blnod—braln barrier via
P-glycoprotein, Drug Metab, Dispos. 36{2008) 6-9.

. {111 M. Nakamura, G. Yamanaka, H. Kawashima, ¥. Watanabe, H. lo, V. Kashiwagi, _

. K. Takekumna, A. Hoshika, M. Hayakawa, S. Suzuki, Clinical application of rapid
assay of interleukin-& in influenza-associated encephalopathy,: Dis, Matk. 21
{2005) 199-202.
[12] KG.Nicholson, EY. Aoki, A:D. Osterhaus, §, Trottiér, O, Carewicz, CH,. Mercier, A, -
‘Rode, N, Kinnersley, P. Ward, Efficacy and safety of aseltamivir in treatment of
. acute influenza: 2 mndomised conteolled trial, Lancet 355 (2000) 1845~1850. °

[13] K. Nisifima, A. Kashiwa, A; Hashimoto, H. lwama, A. Umino, T. Nishikawa,

Differential effects of phencycliding and methamphetamine -on dopamine
rnetabolism in rat frontal cortex and striatum as revealed by in vivo djalysls,
Synapse 22 (1996) 304-312.

" [14] R.Noor. CX. Wang, A, Shuaib, Hyperthermia masks the neuroprotective effects' '

of tissue plaminogen activator, Stroke 36 (2005) 665-663.

’ [15] NV. Weisstaub; M. Zhou, A, Lira, E Lambe, . Gonzilez-Maeso, )P Hornung,

E Sibille, M. Undenwood; 5. Itohiara, W.T, Dauer, M.5, Ansorge, E, Morelli, 1.1
Mann, M. Toth, G. Agha]anian. S.C. Sealfon, R. Hen, JLA. Gingfich, Cortical 5-
* HT2A seceptor signaling mndulates anxiety-tike behaviors in miice, Science 313
(2006} 536-540,

{16} T.Yoshine, K. Nisijima, K. Shioda, K. Yui, S. Katoh, Feraspirone, a nave! atypical
- antipsychotic drug, potentiates fluoxetine-induced increases in dopamine lev-
els via multireceptor actions in the rat medial prefrontal cortex, Neurasci. Lett,
364 (2004) 16-21..

[11] T. Yoshino, K. Nisijima, 5. Katoh, i Yui, M. Nakamura, Tandospirone potenti-
ates the flunxetine-induced increases in extracellular dopamine via 5-HT (1A)
receptors in the rat medial frantal cortex, Neurochem. [nt. 40{2002) 355-360,






3

. ~J Pharmaco! Sci 106. 639 - 662 {2008) Ho. 4

) Jaup;af of Phammc;)logfca! Sciences
L2008 The Japariese Pharmacological Socien:

 Short Communzcatzon D17845 A

- Os eltam1v1r Enhances Hlppocampal Network Synchromzatlon

"Atsushi Usaml' Takuya Sasaki', Nobuhiro Satoh?, Takahiro Akiba?, Satoshi Yokoshima®,
‘Tohru Fukuyama®, Kenzo Yamatsugu®, Motomu Kanaz Masakatsu Slwbasa!a3 Nono Matsulﬂ
and Yuji Ikegaya"” Al

_ 'Laboratory of Chemical Pharmacology, ‘Labamron' af Synthetic Namral Prodiucis Chemistiy,

- and *Laboratory of Syntheric Organic Chermsm' Graduate School of Pharnmcemwal Sciences, The University of Tokyo,

Tokye 113-0033; Jopan
‘Precm'san Research for Embryonic Science cmd Teclmoloar (PREST O). Japan Sc:ence and Teclmo!aow Agenm a
3 Sanbancho Clm*ada—ku Tokyvo 102-00075, .Iapan . . <]

. Received December 4 2007; A ccapled February 4, 2008

.Ahstrnct. Oseltammr a widely used’ antl-mﬂuenza drug, inhibits virus. neuraminidase: A

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

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

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

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

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

ceﬂ meémbrane and regulates various biological func-

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

of neural cellular adhesion molecules, which is.abundant,

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

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

changes the action potential threshold by modulating the

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

networks (3).

Oseltamivir. was designed according to the X- rav
crystal structure of sxahg acid analogues bound -to the
active site of néuraminidase, This drug is an ethyl-ester
prodrug: its aclive metabolite inhibits virus-type
neuraminidase and thereby prevents influenza virus
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from emerging from infected cefls. The structure of
viral rieuraminidase, however, is very similar to. that of
HsNEU?2, one of four human sialidases (4). HsNEU2
contains exactly the same active site residues, thus being . .
a possible farget of oseltamivir. Consisteut with this, 3
recent study has demonstrated that-aseltamivir and its

active mietabolite facilitate the presynaptic function of - |

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

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

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

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

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

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

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

transferred to a 36°C recording chamber perfused with.

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

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

2-deoxyneuraminic acid (NADNA) was purchased from

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

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

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

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

witle 2 CSU‘)ZICSUXI Nipkow-dick corifocal unit

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

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

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

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

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

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

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

- A Usamietal

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

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

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

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

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

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

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

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

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

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

that: it. enhanced spike synchronization between hlppO—

. campal CA3 neurons.

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

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

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

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

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

_mentary Fig. | and movie Iz available at onling versmn

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

-n=75 slices).

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

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

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

* period during which individual burst persisted, have any

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

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

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

4 bursts).. .

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

. Representative Cx trades of dcells-

- indicated in the confocal image of

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

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

|

Time after oseltamivir ap;;hcahon {min) -

& oseltamivir (prodrug)

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

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

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

FEt Ui

) -oseltamivir (active form}

R=0.73
P<0.001

10

Event frequency (min™?) .

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

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

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

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

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

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

-Hz. C: Examples of the effect of - . ’



