o\ W Qs c
AITEITNIR ﬂ%ﬂﬂﬂﬂdyim

lasgns: madninaln “aauaas” waz “wansznuainlan
U ” o o Y . . ®) 1
Jow’ laglalsafiwgiatn was ciguatoxin tduusinuy :

6 a ¢
msﬂ‘szqnmﬂ%’ﬂsz‘[&mumnﬂ‘szmmﬂ JIAIFNT

¢ ¢ o ¢
Tﬂﬂ AIENII1TE WILULNNDDTZIRIU mmqem

LAt

nIN)IAad beécc



foy1a i DBG5180026

[V Y '
LUV RUUANY O
lassms: ms@nsnaln “aquaas” uaz “wansznuainlanian”
A o Y . . @ 1
laglglsafinginiin uaz ciguatoxin tHwuaiuuy :

nm3dszana lFdslazdondszaminananans

ALV N0

1. aww Tzl nazam ATAZULNNEANEAT IWIRINTTAUMINENAE

2. 93. §NN3L ITINO G ATAZULNNEANEAT IWIRINITANMINENAE

3. NAL.AT.3TWA FUTUIN AN RN ENLAZN TN NTFNEAS

4. FLUW.TUN 19106 MAITINENTINGT AUSUNNLFENS

5. a1.ANTINY T0uAT)A amﬁ'ugmﬁﬁuﬁmmmLLaxmﬂIuIaﬁ%amw
LAITN@

6. WIIFAWNNE T3z INWRIWTWUY §01WEIM anmza ing

7. 93.4MuNd 2171800 ROULEIAN FANANTA N8

8. W.&. MMM nuaNAIATTE ATAZUNNEANEAT IWIAINTAINMINENAE

9. WRANTUU IsamATug ATZULNNEANEAT IWRINTBANMINENAE

10. %.8.3E@TH 1NN ATAZUNNEANTAT PWIRINTTAUMTNENAE

11, .8 WINTII §NITT0HA ATAZUNNEANTAT IWIRINTTAUMTNENAE

ﬁﬁﬂﬁ%%‘[ﬂﬂﬁﬂﬁﬂd’l%ﬂadn%ﬁﬁﬂﬂ%%ﬂ’ﬁa{f 2

(@nuiulunsuadubduvesdids ana. s ludaadudmoianaly)



v

e
A B S T R A C T .o e 1
L M G I Do e e e e e et e e oot et e e e e e e e s ee et et e e s e s ettt 3
EXECUTIVE SUMM AR RY ..o e et 5
L D A I D ) ettt e e e e et e et e et e et e e e e et e et e e et en e r e 8

Tas9n13n 1 Msdnm temporal-spatial relationship 28381013 “ﬂﬁ?ﬂﬂﬁ’d” AUNILARDWUAZNNT

A3238AV89 recombinant rabies virus kazaNuRaUnanwLln magnetic resonance

(190 =To |1 T PP P PR RPPTPRPI 8

Tas9n151 2 Neuropathology of Inhibitory Neurons in Furious and Paralytic Rabies of canine

Lo 5 o |1 o P 22
t:' = a v [ > v A= a a v

‘[ﬂidﬂ’ﬁ‘ﬂ 3 ﬂﬂiﬂﬂﬂﬂiﬂi@%lum\la(} NIBRU D LLazvlfuauv\aamaaqmmﬂﬂmwwqwumLu_n_l

mmwﬁwmmmuué’uwm ........................................................................................ 23

=n
2D
™
=0
)
5
q_)f
™
=
5
pud )}
)

Tassn1sn 4 mi@mﬁ)vh%'aimﬁwqﬁfmﬂﬁmﬂaadm'ﬁmuaﬂam aﬂuqﬁfm
E]%%’fm BT e 42

Tasan19h 5 MIsdT3ed ciguatoxin Msiladafvindadnaanavasnna.uazisnialndias

Ta39n151 6 Distribution of Rabies Antigen and Inflammatory Response in Furious and

Paralytic Rabies of Canine Origin........ ..o e 50
OUTPUT OF RESEARCH......oeeeiiiieieee ettt e e e e e e et re e e e e e e e eenaans 52
AT IRl o ol e OO 52
U3 LTI U T T B I B IO oo 60
7 ﬂ%agﬁﬁmuluimdmi ........................................................................................................... 40
BT A S o SO SRSRTR 97



ABSTRACT

The present integrated study aimed to provide better understanding of mechanisms
responsible for neurological disorders manifesting as “furious or aggression” (rabies as
prototype) and neuromuscular-autonomic derangements (ciguatera toxin as prototype).
Various techniques in recombinant viral technology, neuropathology, proteomic profiling study
as well as critical analysis of patients with marine fish poisoning and survey for ciguatera toxin
contaminated fishes at the markets.

Although we could not identify “furious centre” in the brain by molecular imaging of
recombinant rabies virus decorated with ferritin gene [project(1)], we were able to obtain, for
the first time, rabies viruses passaged in non-neuronal baby hamster kidney (BHK) cells with
increased (diminished LD50) instead of decreased virulence. Such street rabies virus (QS-05)
at 7th passage in BHK cells, namely QS 05-BHK-P7, could cause disease in mice by both
intra-cerebral (IC) and -muscular challenges (whereas the parental virus could only by IC
inoculation). Whole viral genome sequencing revealed mutation points at several genes.
However the most likely mutation responsible for such phenotypic change was at 7th
polyadenylation site of intergenic region between phospho- and matrix-protein genes, which
may disturb homeostasis of transcription and replication and process of budding/immune
evasion. Construction of recombinant QS-05 and BHK-P7 viruses was achieved at the final
stage of virus recovery due to the unavailability of T7 RNA polymerase gene-plasmid and —
BHK cells (material agreement transfer among 3 international institutions).

Having realized the incompleteness of project (1), we decided to augment with project
(6) on the distribution pattern study of rabies antigen and inflammation in the CNS of early
rabid dogs of furious and paralytic types. Results showed a caudal-rostral trend of antigen
abundance particularly in the paralytic groups. The inflammatory cells were demonstrated
exclusively in the brainstem of paralytic dogs. These findings were in agreement with our
previously published brain mapping data of rabid dogs (Adv Viral Res 2011) in that axonal
tract integrity was disrupted at the brainstem of paralytic dogs. All of these underscored the
importance of inflamed brainstem as “gate or barrier” in preventing virus from spreading
towards the cerebral hemispheres. Role of inhibitory neurons [project (2)] was found not to
play any significant role in the genesis of “furious” character in rabies since numbers of
inhibitory neurons were comparable at different brain regions of both forms of rabid dogs.

Proteomic profiling studies [Project (3)] of the furious and paralytic rabid dogs’ brains
as examined by SDS-PAGE followed by LC-MS/MS was the continuation of our previous
investigation using 2D-PAGE on late-stage rabid dogs’ brains (during minor review and
accepting process). Results confirmed the role of brainstem in retarding viral progression,
particularly in the case of paralytic rabies. This was in accord with neuropathology and brain

mapping studies (as above). Heat shock or stress protein



Project (4) focused on an alternative source to detect rabies viral RNA in animals.
Although brain is the perfect sample for rabies diagnosis, it has been frequently affected by
hot climate, rendered it unsuitable for fluorescence antibody test (FAT) or molecular detection.
Our study showed that whisker follicles and hair follicles and saliva obtained from dogs after
death could be used as alternative option. Since the sensitivity of examination using these
non-neural specimens was in the range between 80 and 85%, it is used for enhancing
epidemiological surveillance to assess rabies burden in endemic countries. We also proved
that real-time RT-PCR yielded a comparable result with nested RT-PCR (as reported by
Institut Pasteur group) in terms of sensitivity although the target sequences were different
(nucleocapsid in the former and polymerase gene in the latter technique).

Project (5) highlighted ciguatera toxin from fish as a potential epidemic. Analysis of
patients who had neurologic disorders from fish consumption showed 6 patients (2 from
Chulalongkorn and 4 from Phuket hospitals) compatible with ciguatera poisoning. Their
dramatic recovery within 24 hours from neuromuscular and autonomic nervous system
disturbances differentiated ciguatera poisoning from other related illnesses from fish (such as,
puffer fish poisoning) or from bamboo stick poisoning (botulism). Two of 227 fish samples as
surveyed from 3 markets in Bangkok showed borderline result. Problem of ciguatera
poisoning, a perfect example of global warming effect, must be underestimated. This has to

be urgently warned and needs multidisciplinary approach to prevent further outbreaks.
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WWINIZINUN peripheral 143 central nervous system & #3adlanns intracerebral L%yavh%'a
"Lajmmmriasl,ﬁl,ﬁ@wm“E‘amwLL@imminﬂizﬁugﬁé’uﬁ'ﬂﬁa %aﬁqmauﬁ'ﬁmaﬁuﬁmﬁu
neurovirulence 8¢9FWLE Q‘i%’ﬂ%uﬁuamﬁﬁaﬂﬂ% HEP-GFP lumsénifininudssileo

é’dﬁ?u@‘i%'ﬁaLﬂﬁﬂumﬂﬁuﬁjmau%avh%'aﬁwqﬁfmﬁ%ﬂu CVS straini§a1nn1Inagay
mmmmmlummwim:mwau%a"b%’aﬁwquﬁfmﬁﬁ CVS strain Meowas msaaigawinlls
WUNARBINTY intracerebral i dilution @199 WUl dilution 10° waz 10° "Lajmmmﬁﬂﬁw%
mf;lvl,@i”ﬁy’\‘mw@ LLazLﬁaﬁm%a"b%’a’tmwmaaﬁybma intracerebral LAY intramuscular ﬁ dilution
10" %Hmaaamﬁ%’urﬁama intracerebral AENINUA Mmmzﬁ%hm@aaamﬁ%'m%ama
intramuscular Sifsannsdriiufianouszunsd lifenmsfinUnale gusslimusnaany
L%avl,ﬁaﬂwqﬁfmﬁﬂuauawam& é’aifm%a"lﬁaﬁwqﬁmﬁw CVS strain 39ldmanzaniiaz

gt uiaud



mag"?é’ﬂ%’aﬁmmﬂﬁﬂum ﬂﬁ'mfm au%avb%'aﬁmgﬁfmﬁ%ﬂu QS05 strain 91w street
virus 11 isolate ﬁrmmlawaaqﬁfmﬁtﬂﬂiﬂﬁwqﬁfmﬁﬂ@Um‘a inauins wanlu suckling mice 1
passage 111 stock seed virus LT% 20% suspension Woanldluwanwisoeely

aamvl,sﬁmwwu'jwLﬁ'aﬁnL%avl,a%'amﬂﬁ'uﬁ‘ﬁfvlﬂmnaaauqmauﬁ'ﬁlué’mfmaa:.l WU
L%avl’s%faa'mﬁuﬁ:ﬁuam neuropathogenesis VL@TﬁLﬁaﬁ@vLﬁama intracerebral WLALRAI
neuroinvasiveness li@tniiladaidhms intramuscular F9dvanaldimanzaulumaanyi
recombinant T $afiazanvinmsanmit

WaNNTNNTIN street virus QS-05 strain TUiAng1wInle suckling mice 1 passage
#i 2 Alusunsoifin mortality rate lagn138a1Eng intramuscular %38 peripheral route

niszaumyainsyinla$a isolation uas propagation lwwaginnziaeslasians
Baby Hamster Kidney Cells (BHK-21 cells) s'fian’flu non-neuronal cells WU street virus 223
infectivity §nuazdl growth rate AThanniat3suifiauiumsiiuswnludainaasslasns
QLT intracerebral L% 11341 20% brain suspension ludasainaaadny intracerebral
fAinaaadazd mortality rate 100% WATNIAALIIN4 intramuscular 923 mortality rate U3zt
30% wi3anasnin wianiniin U infect BHK-21 cells 928 infectivity luinas BHK-21 Uyzanms
10-20% Lvivin uazdl growth rate fighnimninlUiSeudisuns propagate 1i NA cells &4
1% neuron cells

aﬁﬂmmuﬁmﬁupﬁ%‘aﬂ‘amﬁw QS-05 subpassage 1w BHK-21 gia'luiiloifiasiwan
uazwanIAssn3lE suckling mice LLa:Lﬁadmﬂ;ﬁ%‘mﬁuﬁm@mhuﬁ rabies virus 9z1Tu
neurotropic virus Welel3aAaNNTA infect LLa:a%iiamm:Lﬁmﬁﬁmuslu non-neuron cells 1@
Wiazlianudsanlu nszuiumiiie pathogenesis (W3a non-neuron cells Judadaidant]
fenlunaiia pathogenesis U89 rabies virus 1us330T1#) 91NN3¥ subpassage QS-05 'l
L%Iasl 9WLI1 QS-05 strain L‘%I&lfl growth rate LLa:Lﬁm‘i’]ulumﬂ%ﬂuﬂizmm passage ‘ﬁ 4-5
waziile harvest virus supernatant 14 passage ii7 (QS05-BHK-P7) (3‘1Jﬁ 1uazilamasey
lununaaaawuind mortality rate 100% \ilafiaitms intramuscular route (TR 1) Goiu
QS05-BHK-P7 strain 39qun231lu candidate fitmanzawlumsansifiasanianusmaniolu
m3nalsalanig peripheral challengeLLa:ﬂ'aﬁm’méwﬁzyﬁﬁaaﬁﬂmd'lﬁﬁuﬁqmmLﬂﬁﬂmmmﬁ
Buealvn aghels wSardud intergenic region (IGR) S’f}dawa}:ﬁﬂﬁﬁwa@iaau@;amaa
transcription/replication LazNIzUINNIT budding 3’3uﬁ%mw’mﬂ’ﬁ‘ﬂau%aﬂqﬁ@j’uﬁum8\1
91918 (immune evasive strategy)

QS-05 strain QS05-BHK-P7 strain

1J# 1Immunofluorescence of BHK cells infected with QS-05 and QS05-BHK-P7 viruses

o



@1319% 1 Median Lethal Dose (LD50)

Rabies strain Intramuscular Intra-cerebral
Qs05 No death 1025
QS-BHK-P7 10083 1038

Six week-old female mice were intramuscularly or intracerebrally inoculated with 30% brain

suspension (undiluted — 10_4 dilution)

LﬁaaﬁnnL%avla%'aﬁmqﬁfmﬁwﬁvlﬁﬁ phenotype NuANA1931n QS-05 11 passage 13N
:'? ”ﬂ%’oﬁwmsmnaaumaﬁugﬂﬁmaa QS-05 L&z QS05-BHK-P7 lan1s¥in whole genome
sequence V84178 I IAABFIULNINGY strains WUITANUUANGITBISGLILE 5 s
LRZIZAU amino acid 3 LRI ANULANGEIIVBIVEY virulence VBINIRDY strains AITITLAA
. . { o , th . i . . ,
31N point mutation Aduns 7 poly adenylation sequence 284 intergenic region W33
. . . A a ' . ¥ o A
phosphoprotein LRz matrix protein gene w33cUHNANBNIT budding 284178l TRiitasanenadl
U3 289 matrix protein 8Aa3 ﬁaﬁuﬁ‘ﬂgmﬁﬁlﬁﬁmsﬁﬂmaﬁfnmgﬂumtﬁmad vesicular
oy . = ' A o ¥ A Aﬂv [ ) ]
stomatitis virus TWU31 IGR Jdusanlunsuaasaanvaslsduaaia lhiauss ldsinade
. & Y \ . A o ;A ' a o A a
virulence 289138 1158(1,2] ludu mutation AduniednglusinazeTuneld iasanni
mMIAnsiauniinLa1n S23R substitution 14 glycoprotein gene U84 QS05-BHK-P7 strain
ATINUINWITB2a4 Dr.Morimoto [3] fiawrinilunns¥in BHK-21 cells adaptation U89 CVS uaz
o ' . A o A4 | . . a
WUGNUAUS mutation NenwnatiaLilunon-neuronal adaptation marker LLaz mutation an

a

funtisfinulu ectodomain a9 glycoprotein gene ﬁ?uvl,ﬂjLﬂElflﬂ’]ﬁ’l&I\‘l’mw’m‘a%ﬁdﬂ’a’mﬁ’]ﬂ@
i%&lﬁg\i@i’nmmﬁdﬂﬁi’nv[&ia%ﬂu cytoplasmic domain figonade apoptosis mechanism Va4
infected host cells LAZRINANIANUFINTAIHNNINTZANLA? (cell spread) luszuudszanuaz
virulence ?JadL"Tj?avl,’ﬁa[4]ﬁl’mﬂ’li$|m:+ﬂ@Elﬂ’liLmu“?i polymerase (L) gene U84 pathogenic
strain @28 vaccine strain WU NEINANTENUGD neurovirulence Lag mortality rate 1
Fainanas [5] wonaniitiiovinms passage L%avl,ﬁaﬁwqﬁmﬁw SAD-B19 strain ’Luqﬁﬁaaaﬂ
4 @53 WU amino acid substitution tBdUWILAELY L gene S9ilaidsnadamsiaswulas
virulence vaatBalh3audasnala [6] §atii mutation fisnuriis 11711V lu L gene 39lainns
sanafivnnudasuudaslunsiinduaas virlence lu QS05-BHK-P7 strain
@T’JElmQwaﬁdﬂd’l’sﬁﬁ%%dﬁ’mﬁa{’m reverse genetics rabies virus nndahiafiy
g1 QS-05 strain AU 1AL QS05-BHK-P7 strain
1. Y3839 full-length cDNA clone mau%ﬂﬁaﬁwqﬁfmﬁﬂ QS-05 strain Aifluaslaid
ferritin heavy chain me?i pseudogene region
2. ¥inMI834 full-length cDNA clone maav%a"h%’aﬁwqﬁfmﬁﬂ QS-05-BHK-P7 strain 713

waz'luf ferritin heavy chain Wnufi pseudogene region
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3. ¥i1M17 recovery recombinant virus Tu baby hamster kidney (BHK-21) cells f stably

expressing T7 RNA polymerase

ci s
Haflasy
PYUADUNITRINIUAE recovery recombinant virus l@Tuanusiswaean Oita
University ﬂﬁﬂlﬁﬂﬂiﬂ’suqumad Professor Akira Nishizono 18z Dr.Kentaro Yamada Uszine
dl 1 v e a a 6 A o < =3 g: A
ryﬂ'ul%mm’nwvlﬁuu MsamnAsuaidumalurinmmesssiuszoziig 6 LHauaiudiian
a & 1 & s =3
WOFAINEU 2553 faLfan N BN1AY 2554 GﬁdLﬂua’m%m"uadn’livl,@lim;luiﬂidﬂ’ﬁﬂizyry’]Laﬂ
NMYIWALBN
1. ¥M3I83 full-length cDNA clone mau%a"h%’aﬁmgﬁfmﬁ'] QS-05 strain (pCl-QS05)
(3UN 2)

Nhel Nsil Miul Sacll Aflll Notl

Tm T L!h!i LM

1* half 2™ half
A

51U% 2 L&A Full-length cDNA clone construction 984 QS-05 strain

° 7131508379 pCl-Qs05 ladunadisa

I@f;l"qn recombinant virus 71 1e%4az4l unique restriction endonuclease site #a Sacll
a9laiwulu parental QS05 w38 QS05-BHK-P7 sequence Lasuntaltidunisasiaseaylai

. 3; & . . al' U J a
recovered virus 1L recombinant virus NIITNVWNIDIN

2. Yi1nN7 recovery recombinant virus Tu baby hamster kidney (BHK-21) cells ‘ﬁ stably

expressing T7 RNA polymerase

a. YI1M7 recovery recombinant QS05 31N pCI-QS05 plasmid lagld helper plasmids
3 genes muld 17 promoter fa Nucleoprotein, Phosphoprotein itaz RNA-
dependent RNA ponmerase(a%’nmmnL‘%ﬂh%’ﬁﬁﬁqﬁmﬁﬁ RC-HL strain)lu
BHK/T7-9 cells (Baby Hamster Kidney cells ‘ﬁ stably expressing T7 RNA
polymerase) mﬂﬁ?u 48 %Lﬁiuﬁoﬁﬂmi co-culture U neuroblastoma (NA) cells

W& incubate 4 IUIINAIAL supernatant Ala ) infect NA cellsannuii 9 139
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HaNaL FITC-antibody §8 nucleoprotein Lﬁag] infected cells

wuin biinnsfaduad cell waadinlidl recovered QS05 virus b supernatant

b. ¥i1n173 recovery recombinant QS05 31n pCIl-QS05 plasmid anavilagld helper
plasmids 4 genes I@mLﬁ'w glycoprotein helper plasmid 14 BHK/T7-9 cells 1N
24 %"JINJ%M’]W]‘S co-culture NU neuroblastoma (NA) cells W& incubate 4 T4

PNBUHEINT
i. £ay transfected cells @28 FITC-anti-N Wag anti-G

anti-N anti-G Merge

]
I

5149 3Immunofluorescence of QS-05 transfected cells

' a A a & ) . 4 & & a
WU transfected cells §N13AAFVDING anti-N LAz anti-G FINIgaIlUsAUIUINT

o o ) a &
express MELULTARLALINY LRAIINU1E recovered virus LA
. & = . A v
ii. LNU supernatant A1l infect NA cells waz NA cells nan transfect a8
. . ' ) A o &
glycoprotein helper plasmid 833W W IWUIIN (G-transfected NA cells)annii 6

INI98auFY FITC-anti-N Lﬁa(ﬂ infected cells

NA cells G-transfected cells

519 4immunofluorescence of NA cells infected with recovered QS05 virus

WU lifinsGadvad infected NA cell s AIWLNNINIZANLAIVBY nucleoprotein 11

G-transfected cells 1U#31W %N LRAIIN recovered QS05 virus fadld glycoprotein
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supplement A suaniduaitislunainySunmiazuninszaovadse Te watInTen
g9adnuLIuue single-cell infection laiwuilu foci
M INaassdnIdunuin liiinInszanealves recovered QS05 virus 911 lé5u
. a = . A .
glycoprotein LWN31N RC-HL strain @4t1)% well-adapted strain WasislunsuwsnIzansves
d‘f o KR Y o . . a & 1A . A o 1 A
e 5w 39lavinnns sequencing glycoprotein gene aNA%3 WUINY deletion NATLLAUS 3479 D3

8¢ upstream, U839 G-ORF (glycoprotein open reading frame) LLazmiLﬁtyLaUImlad plasmid

2

(2 1 ]
A& o A

RGN LWaweeuas full-length cDNA clone Imﬁﬁﬁaﬂizauﬁtymuumﬁmﬁ’u'é'ﬂnnﬂ'?a
wifaz ldvmaLURew strain 189 E.coli wazuitlalaans insertion fidnuwnis 3479 2837 site-
directed mutagenesis WaINANN (N snagaulszans 100 clones) fipenils clone Alaig
deletion AGURUIALAWY insertion AGIUAII 3284 unuft Favirl fAaainiaziiaan
toxic sequence AfnadamstianSunmwes plasmid 14 E.coli

INMINUNINIFIBNTSUWL U89 recombinant virus 89 158 Japanese
encephalitis virus Aiszauilymadariudony deletion Tudunsisvaslusiudliluns
UWINIZA mlaal,%a%d \AaaNNIH bacterial-like promoter sequence lu gene ffu

ma;j’“,lﬁ'ﬂ'ﬁ’jdvlﬁﬁﬁﬂm,Lﬁ”lﬂ@Umsl,ﬁ&l silent mutation 1114/¢-982% intergenic region
321319 matrix Wz glycoprotein gene (M-G/Asel) "f;dﬁ’lﬁumaﬁvlmmjffmwﬁ Asel restriction

endonuclease site lnaiifiadn lddrevinliiAailln stop codon va4 toxic sequence A4N&ED

3. N1I&IN9 full-length cDNA clone ﬂuaaL%a"Lﬁaﬁwqﬁﬂuﬁw QS-05 strain (pCl-QS05(M-
GlAsel))

Q805 3211 CATCAAACCGCTGCATTTTA 3230
T--T
ATT AAT (Asely
31U 5 ULRAJ point mutation AR intergenic region 3¥1314 matrix W&z glycoprotein

o

2.

° U308 pCl-QS05(M-G/Asel) tatdunadisa

4. NNIRIY full-length cDNA clone TﬂdL%ﬂ’J%’ﬁﬁEiﬁ‘lf‘llﬁ’] QS-05 strain ‘ﬁlﬁ ferritin
heavy chain wnui pseudogene region (pCl-QS05/hFER(M-G/Asel))

51U% 6 L&A Full-length cDNA clone construction 984 QS-05 strain % ferritin heavy chain

o

2.

° fUNI0EN9 pCl-QS05/hFER(M-G/Asel) latilunadisa
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uamnnﬁmapﬁ%’m"tﬁﬁwmm%ﬁa recombinant virus mm%a"b%’aﬁwqﬁfmﬁﬁ QS05-
BHK-P7 strain [ANLANAINT ka1 90N 1T 299N HaNuTHLTITINNINILNINIEN BT
16@n91 QS05 strain TILUaININIIRIILFS LAY A RINNITONARAU LA AN AULLRTILANEN

ﬁm‘humi,a‘l@ﬁﬁwaﬁﬂﬁtﬁmmimﬁmeawaammguLstaaL%a"l,ﬁaﬂwqﬁfmﬁﬂﬁ

5. NNI&IN9 full-length cDNA clone mau%a”h%faﬂwqﬁfmﬁw QS-05-BHK-P7 strain (pCl-
P7(M-G/Asel))

° NI pCI-P7(M-G/Asel) el unadisa

6. ¥1N13&374 full-length cDNA clone va3LTa L iai g QS-05-BHK-P7 strain 73]

ferritin heavy chain Lm%ﬁ pseudogene region (pCI-P7/hFER(M-G/Asel))

° RIN1I0F319 pCI-P7/hFER(M-G/Asel) laiilunadisa

7. ¥11N173 recovery recombinant virus Tu baby hamster kidney (BHK-21) cells f stably

expressing T7 RNA polymerase

a. Y113 recovery recombinant QS05 7% insertion N@LWYS 3284 31N pCl-
QS05+3284A plasmid lagld helper plasmids 4 genes (N, P, G uaz L) 11 BHK/T7-
9 cells U&7 incubate 4 % INMNUBYINTLAL supernatant ﬁ”l,é*lﬂ infect NA cells

W& incubate 3 YWIILANGIE FITC-anti-N \iNBQ infected cells

anti-N mock control

519 7 Immunofluorescence of NA cells infected with recovered QS05+3284A virus

' a . a . L A '
WUINRNNTAARVBY nucleoprotein KazINNILAA foci PUTILRAIDINTUNINILANBVDI
e hiwlddaumasdnafsla
NNNMINAadityinl#nInuin full-length cDNA clone 7 lasiuanunsasiranlglunig
recovery virus bo waaen9lsAaNEInIda9lE T7 promoter waz BHK/T7-9 cells Tun1s recovery
A A’l [l ) [ o A o A A . =< ¥
Feszuuhez ldaansashnavanlddenuszina lng ldifiasanilywii3as material transfer 3916

WeNeNuinnT recovery nelé CMV promoter da'ly
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b. ¥i1n17 recovery recombinant QS05 7§l insertion fi§umniis 3284 21N pCl-
QS05+3284A plasmid lagld helper plasmids 3 genes (N, P LLaz L) Fanan
HEP-Flury strain L8z RC-HL strain I@ﬂﬁy’oaaas:uuagmsﬂﬁ CMV promoter Tu NA
cells W& incubate 4 Su 9Nt

i. oy transfected cells @28 anti-G

HEP-Flury system RC-HL system

519 8 Immunofluorescence of transfected cells
Uno

i. sy supernatant fla 11 infect NA cells W& incubate 3 Ju3auee

FITC-anti-N Lﬁlagl infected cells

HEP-Flury system RC-HL system

]
~

34N 9 Immunofluorescence of NA cells infected with recovered QS05 virus

ldwunsfasuad nucleoprotein 1w infected NA cells
MIAaFDBY glycoprotein lu transfected cells ﬁf’ummﬁ@mn full-length cDNA clone “71'
sl
8. dadnalunisdiiuauvesgisulun1sasns recombinant rabies virus
a. M38319 pUC-HDVRbz laisnansna$ne plasmid 1% Nhel restriction endonuclease
site ldanufisanuuuly (hmsasraseulszanm 30 clones) 39daailfuuanld
restriction endonuclease E'Iul,mu

Y A { o & R~ o )
b. NIRY pT7-QS05-F3 Tauunwunoanuuy P asudduiuazinnsase pT7-
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QS05-F3 WiN8%aI9IN3 clone F3 fragment 19N pT7Blue-T vector ud? Ly

plasmid A1l F3 fragment ida4n Tl (¥hnsaTasaulszants 70 clones) 3416

& =

mMIUAsuuHwnlasuld F3 fragment aanidugadsaiude F3a uas F3b nhui
M sTaunssasdIwdu pUC-QS05-F3ab @sluanuaauiniszauilyniitudaann
o A o A .

(Yinn13aT1araulszunms 70 clones) TINUWAINIILINNAINN toxic sequence
e IH' v 1 v v v
aafn lanandluudrdnadn

c. N3 recovery Va4 recombinant virus ha9a1n full-length cDNA clone (pCI-QS05) f
155 recovery virus TugrausnlaivszananudSanin liiinsld glycoprotein

Yon @ @ o

I 5 ERN
helper plasmid ¥n##A9u6advinnIa$e full-length cDNA clone iulwaj
\hasang e ldanananiin BHK/T7 cells uaz RC-HL helper plasmid nulel T7
[ o v o v o Y [% . AaA
promoter nauNn AU szna Inglavinligsdasltiianlun1sains plasmid 13 T7 RNA
polymerase gene LaZ§319 BHK cells 71 stably expressing T7 RNA polymerase Waltlung
recovery recombinant virus @ 1U LAazAERAINANTAGINITA recovery virus IALAIHUEINS
fadinnInasay cell-to-cell spreading lulradiaz®ia1 mean lethal dose (LD50) \Nanagay
Qmauﬁamad recovered virus LURATNARBININTY intracerebral Waz intramuscular LiN®

\wW3suifsy pathogenicity nutia lasaniilu parental strain da'ly

aulasesmsuazdsslandiilasuoinsmisei
=3 1 SR @ 6 A a 6 a L v
1. faudlasamaazldusgfeiaguezasdiaulunisedunsdnngmaniveslsaisgiviin
lasganuduRusizniiamILazduninie himafoudiluszuudszam udnad
ldanmisfinmldinlugasdanailna
v 6 A & & A [ . d%' @ A e
2. ldasdanuslwudaiuasananiieariy non-neuronal adaptation va417a liiaRui
@ ') o v Aa a £
11NAN8RAIINNNT passage b BHK-21 cells (non-neuronal cells) finlAiAansiiads
. Y o | . ) { o , th
284 virulence VT8 13 lasanatdunaan point mutation AR WA 7
polyadenylation sequence Va4 intergenic region 3:%737149 phosphoprotein LLaz matrix

protein gene

]
a a v

3. lesadanuslmiiieanunisaini reverse genetics 289138 hiaRugiuti aafinda |y

Taduniitlasndslidamzdidulasmaninriinig recovery street rabies virus strain

(2
A e o '

ldwrieu lasNunziiidbagluiuaaugariawainis recovery 119 street uaz BHK-

adapted strains @49 recombinant virus 71 lenIgadIdrazanunsaUn lldnA

a = v U Cz’ =
pathophysiology 2a3lsafisgriutilananauldan

LONE1TD19D9
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Phatthamon Virojanapirom, Pakamatz Khawplod, Arthikaya Sawangwaree, Supaporn

Wacharapluesadee, Thiravat Hemachudha, Kinjiro Morimoto and Akira Nishizono.

BHK-cell adapted canine rabies virus variant: mutation in intergenic phosphoprotein and

matrix protein gene non-coding region may confer higher neurovirulence in adult

mice.(submitted for publication) [taNRITLUY 1]

AMANWIN

1. ¥NN19&319 full-length cDNA clone mau%a"b%’aﬁwqﬁfmﬁﬁ Qs-
05 strain (pCI-QS05)
a. &9 plasmids 6199 A3
i. pUC-QS05-F1(containing Hammerhead Ribozyme)
ii. pT7-QS05-F2
ii. pT7-QS05-F3a
iv. pT7-QS05-F3b
v. pT7-QS05-F4
vi. pT7-QS05-F5
vii. pT7-QS05-F6
viii. pUC-HDVRbz
b. Tuaanumsa plasmids Je9dl
i. N RNA mau%a“l,ﬁaﬁmqﬁmﬁwﬁm High Pure Viral RNA Kit (Roche)
ii. First-strand RNA synthesis @18 SuperScript® Reverse Transcriptase (Invitrogen)
iii. Polymerase Chain Reaction @78 KOD-Plus DNA polymerase (TOYOBO)

X . & o a o v v w . ®
iv. Agarose gel electrophoresis 3MNU#UGAA fragment NABINITLAIRNANIY NucleoSpin
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Extract Il Kit (MN)
v. Agarose gel electrophoresis 5ﬂﬂ%&Lﬁamnaaummﬂ“ﬂm fragment ﬁvl,@i”
vi. Cloning PCR product ﬁ"l,é'ldslu pT7Blue T-vector (Novagen) %30 pUC-19 vector
1. 1@) overhang A ‘ﬁﬂmwad PCR product L‘ﬁ;admmﬂu blunt-end product k1)
10x A-attachment Mix (TOYOBO) 30 w1l 60°C
2. ¥i1nN1 ligate digested fragment U vector @28 Mighty Mix Ligase (TaKaRa)
16°C 1-6 Talu
3. Transformation lagld competent cells E.coli strain DH5-alpha #38 XL10-Gold
1M incubate 37°C 12-16 T2l
vii. inInasaur plasmid i fragment ﬁé’fa\‘m’]ﬂm}m‘mﬁ'@ﬁaﬂ in-house miniprep
(alkali-lysis method) ‘ﬂ’mﬁ?uﬁﬁmimnmuﬁ’m restriction endonuclease digestion
viii. &ne plasmid ﬁlﬁ fragment ﬁﬁaamsﬁm E.Z.N.A. Plasmid Miniprep
iX. AIAFOUANDNADIVBITALIUAGIE sequencing
x. 1Fld3unu 4Peaks, ATSQ uaz GentyX-Mac lumsiianzidaya
c. ada fragment 619 9 E@LH Gaft
i. First-half construction (pCI-QS05-NPMG) sznauaiy pUC-QS05-F1, pT7-QS05-
F2, pT7-QS05-F3a ez pT7-QS05-F3b
1. 839 pUC-QS05-F3ab laumsdasa F3a fragment 37N pT7-QS05-F3a LLae
F3b fragment 310 pT7-QS05-F3b a2 double insert Vi‘iaad fragments L"JTWE’;(
pUC19 vector
2. &9 pUC-QS05-NPMG lasniaada F2 fragment 31N pT7-QS05-F2 uag
F3ab fragment 91N pUC-QS05-F3ab &7 double insert Yo fragments 111§
pUC-QS05-F1
3. #3719 pCl-QS05-NPMG lasn13aada NPMG fragment 310 pUC-QS05-NPMG
L°1'Jy’1§;( pCl vector %Mﬂu expression vector
i. Second-half construction (pUC-QS05-LRbz) Usznauale pT7-QS05-F4, pT7-QS05-
F5, pT7-QS05-F6 Laz pUC-HDVRbz
1. &9 pUC-QS05-F6Rbz lasn1saada F6 fragment 310 pT7-QS05-F6 \ing
pUC-HDVRbz
2. 85149 pUC-QS05-LRbz lagn1saasia F4 fragment 30 pT7-QS05-F4 uaz F5
fragment 3110 pUC-QS05-F5 W2 double insert ﬁg\‘iaa\‘i fragments L‘ﬁﬂg'( pUC-
QS05-F6Rbz
ii. Full-length cDNA clone (pCI-QS05) Usznauais pCl-QS05-NPMG az pUC-QS05-
LRbz
8314 pCI-QS05 laun1iaada LRbz fragment 310 pUC-QS05-LRbz 191§ pCl-
QS05-NPMG
d. TumauMIaAda fragment 6139 EdaLN
i. Aada fragments 1§l plasmid figoams

1. Specific restriction endonuclease tiagdulaiauad PCR product 3 121847
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37°C
2. Agarose gel electrophoresis NNuea fragment fida9n1sudIERARIL
NucleoSpin® Extract Il Kit (MN)
3. Agarose gel electrophoresis §ﬂﬂ§'\nﬁam’maaumu’mmad fragment 'ﬁlvl,ﬁ
4. ¥nn"1 ligate digested fragment U vector @8 Mighty Mix Ligase (TaKaRa)
16°C 1-6 72119
5. Transformation lagld competent cells E.coli strain DH5-alpha #38 XL10-Gold
W& incubate 37°C 12-16 T2l
AinmMInagaunn plasmid i fragment ﬁé’fa\‘lmﬂm}m‘mﬁ'@ﬁaﬂ in-house miniprep
(alkali-lysis method) ‘ﬂ’m‘lfuﬁﬂm‘imnmuﬁ’m restriction endonuclease digestion
&M@ plasmid ﬁﬁ fragment ﬁﬁaamsﬁm E.Z.N.A. Plasmid Miniprep
ATIINOUANINYNADIVBY plasmid il fragment ﬁgﬂﬁaoﬁﬂﬂ%ﬂ@u restriction

endoniclease digestion

. . e & A - ., oA 4y,
I@m‘qn recombinant virus 9 lasiuazd unique restriction endonuclease site Aa Sacll Fa'laiwy

4 parental QS05 w38 QS05-BHK-P7 sequence Lasunsaliidunsasiasaylain recovered virus

& . . { o & a
14411l recombinant virus ﬁﬁ’i’]x‘]“ﬂ%&l'ﬁ‘ix‘]

2. ¥in3aT full-length cDNA clone maoﬁa%%’aﬁwqﬁfmﬁ’] QS-05 strain (pCl-QS05(M-

G/Asel))

a. §319 pT7-QS05-F3c Jvnaaunsasainlantda 1b.

b. %39 pT7-QS05-F3c(M-G/Asel) lagvnnsidsuseuiualu M-G intergenic region &g

4 ald o &
QuikChange® Il Site-Directed Mutagenesis Kit (Stratagene) T3JUWAWAIN

vi.
Vii.

viii.

98NUUY primer 715 mutation AdWMAIS 3214C>T waz 3217A>T

Polymerase Chain Reaction @18 Pfu Ultra HF DNA polymerase lasold pT7-QS05-
F3c 1T template

Dpnl digestion 37°C 1 2 lua

Transformation lagld competent cells E.coli strain XL1-Blue ﬁ]’mifu incubate 37°C
12-16 T2l

¥mInagaum plasmid 313 fragment AidasmslagmIanade in-house miniprep
(alkali-lysis method) mnﬁuﬁwmsmwaauﬁw restriction endonuclease digestion
&6 plasmid ‘ﬁﬁ fragment ﬁﬁadm‘sﬁm E.Z.N.A. Plasmid Miniprep
ATIAFOUANUDNADIVBITALIUAGNE sequencing

1#lUsunsn 4Peaks, ATSQ Uaz GentyX-Mac lumsiianeridaua

U

c. aade fragment @19 NG I8N® A9

First-half construction (pCI-QS05-NPMG(M-G/Asel))
8319 pCI-QSOS-NPMG(M-G/AseI)IﬂUmiﬁmia F3c(M-G/Asel)
fragment 370 pT7-QS05-F3c(M-G/Asel) Lmu‘ﬁ F3c fragment 283 pCI-QS05-
NPMG
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ii. Full-length cDNA clone (pCI-QS05(M-G/Asel))
§319 pCI-QSOS(M-G/AseI)Iﬂim’m;fﬂ@ia LRbz fragment 370 pUC-QS05-LRbz
11§ pCl-QS05-NPMG(M-G/Asel)

¥IM3839 full-length cDNA clone maaﬁa%%’aﬁugﬁfmﬁw QS-05 strain “?llfl ferritin heavy
chain Lmu‘ﬁl pseudogene region (pCl-QS05/hFER(M-G/Asel))
a. &9 plasmids 6199 dit
i. pT7-QS05-F4deltapseudogene (without pseudogene sequence) fl"f?u@]a%ﬂﬁiﬁ%”ld
wllauta 1b.
ii. pT7-StopStart/hFER (containing transcription stop-start sequence Wa¢ ferritin heavy
chain)
b. UAOWNNIES pT7-StopStarthFER fieait
i. ¥inn1suan peripheral mononuclear cells (PBMCs) 310 heparinized whole blood
@28 LSM Lymphocyte Separation Medium
i. &na RNA 910 PBMCs 678 TRIzol® Reagent (Invitrogen)
iii. First-strand RNA synthesis ae SuperScript® Reverse Transcriptase (Invitrogen)
iv. Polymerase Chain Reaction el ExTaqTNI polymerase (TAKARA)
v. Agarose gel electrophoresis ﬁ]’mﬁ?uﬁ@ fragment ﬁﬁadﬂﬁiLLﬁﬂaﬁﬂﬁaﬂ NucIeoSpin®
Extract Il Kit (MN)
vi. Agarose gel electrophoresis 5ﬂﬂ%&Lﬁﬂm’Jﬁ]ﬁ@umm@“ﬂm fragment ﬁvL@T
vii. Cloning PCR product ﬁ"lé’flalu pT7Blue T-vector (Novagen)
viii. YiinInasaun plasmid PRE fragment ﬁﬁaamﬂ@ammﬁ‘@ﬁm in-house miniprep
(alkali-lysis method) mnﬁ?uﬁﬁm‘smﬁﬁmauﬁm restriction endonuclease digestion
ix. &N plasmid ﬁﬁ fragment ﬁéfmm‘sﬁ’m E.Z.N.A. Plasmid Miniprep
X. @329ROUANNYNABIVDIIGNLLUFGIY sequencing
xi. 1811suny 4Peaks, ATSQ uaz GentyX-Mac lunsiianzidaya
c. Gada fragment 19 9uE@aLN Gaft
i. Second-half construction (pUC-QS05-L/hFER) Usznauais pT7-QS05-
F4deltapseudogene LLaz pT7-StopStart/hFER
8319 pUC-QS05-L/hFERIaEMIAa6a F4deltapseudogene
fragment 371N pT7-QS05-F4deltapseudogene LLas StopStart/hFER fragment
27N pT7-StopStart/hFER &2 double insert ﬁt\‘laa\‘l fragments Lmu“?i F4
fragment 284 pUC-QS05-LRbz
ii. Full-length cDNA clone (pCIl-QS05/hFER(M-G/Asel))
8319 pCI-QSOS/hFER(M-G/AseI)I@]tlﬂ’]iﬁ@]@ia L/hFER
fragment 371N pUC-QS05-L/hFER L‘iT’lgi pCI-QS05-NPMG(M-G/Asel)
4. ¥inMI&I9 full-length cDNA clone mau%a”h%faﬁwqﬁmﬁw QS-05-BHK-P7 strain (pCI-P7(M-
G/Asel))

a. 839 plasmids 6199 a9
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i, pUC-P7-F3c faunaumiaanianda 1b.
ii. pUC-P7-F3c(M-G/Asel) fituneumiaismiiouds 2b. uald pUC-P7-F3c 1ilu
template
iii. pUC-P7-F6Rbz Jdumaunsairainiianda 2b. usld primer Af mutation AduwLs
10537A>G a2 pUC-QS05-F6Rbz LI template
b. Gafa fragment sng I FIETI Gil
i. First-half construction (pCI-P7-NPMG(M-G/Asel))
83149 pCI-P7-NPMG(M-G/Asel)laumsaasda F3c(M-G/Asel)
fragment 3710 pUC-P7-F3c(M-G/Asel) Lwlu‘ﬁl F3c fragment 283 pCI-QS05-
NPMG
ii. Second-half construction (pUC-P7-LRbz)
8319 pUC-P7-LRbz laansaada P7-F6Rbz fragment 910
pUC-P7-F6Rbz unwuil pUC-QS05-LRbz
iii. Full-length cDNA clone (pCI-P7(M-G/Asel))
839 pCI-P7(M—G/AseI)I<ﬂEm’liﬁ@@iEJ P7-LRbz fragment 311
pUC-P7-LRbz 1§ pCI-P7-NPMG(M-G/Asel)

YiTN178379 full-length cDNA clone mam,%a"h%’aﬁuqﬁﬂnﬁw QS-05-BHK-P7 strain 13 ferritin
heavy chain Lwlu‘ﬁ pseudogene region (pCI-P7/hFER(M-G/Asel))
a. dada fragment 1 9uE@aLN Gaft
i. Second-half construction (pUC-P7-L/hFER)
83149 pUC-P7-LRbz lasn1iaasa P7-F6Rbz fragment 27N
pUC-P7-F6Rbz unwuil pUC-QS05-LRbz/hFER
ii. Full-length cDNA clone (pCl-P7/hFER(M-G/Asel))
8314 pCI-P7/hFER(M-G/Asel)lasnsaasa P7-L/hFER
fragment 37N pUC-P7-L/hFER Lﬁﬁgj pCIl-P7-NPMG(M-G/Asel)
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Tasonsh 2 Neuropathology of Inhibitory Neurons in Furious and Paralytic Rabies of

canine origin
HSUAATOUNAN A.UW.TUN 19110

Janlszain
Lﬁ'aﬁﬂmaﬁnmumaaL%fiﬂszmﬂﬂ'usi’ﬂuawawaaqﬁfmﬁwﬁ@ﬂaﬁméﬁLLa:éauLLsa NN
wanenInunIa lal I@ﬂﬁawgagmdﬁm%:ﬁaﬁﬂmua@aﬂuawaaqﬁfmﬂwﬁm@ﬂ& vait
Lﬁﬂdﬂﬂﬂwuiﬂugﬂay'%@mﬂ (Schizophrenia) Siwaddiutianasluauassn pre frontal uazlu

°

g alsaaNTEUARN I wInanaIluaNa 8% temporal

NIIA NI

ﬁﬂmﬁmﬁaawaaqﬁmﬁﬁwmu 15 G889 LLﬂGLﬂWﬁﬁ@]ﬂﬁﬁJﬂgx‘l 8 f1a1d LazdawwId 7
Mate  lapudazalatnavinnsdansluuSiias neocortex (frontal, parietal, temporal L&
occipital lobes) caudate, thalamus LL&2 hippocampus ﬁwmﬂﬁﬂmaﬁmﬂuﬁﬂmﬂﬁ lagld

antibody 6@ calcium-binding proteins 7@ parvalbumin lumsuuniradlszangues

A va
Wanlasu
WLANLANANI II NI WU DI TR UTERINEU LI IURN AILANIZNALRIY frontal lobe laanaud

FIWINNINNIN luauaaqﬂfmﬁwﬁ@ﬂﬁméﬁ UA WLANULANANNRUBIFIURINDY

aytuazdiasziing

TR ST RN luauaaqﬁ?’uﬁLﬂuiiﬂﬁwqﬁfmﬁnﬁv’wﬁ@ﬂﬁm&Ll,a:a'auma fanu
LANENINWAGUMTS frontal lobe BasFNEd  ualinuaNuLANARdILAsAuTaIENas 39
"l,zjmﬁls:l,ﬂummq ﬁﬁﬂﬁl,ﬁ@m'mLmﬂ@hﬂumﬂﬁuammaaqﬁfmﬁwﬁv’aaaaLLm_l

Output HAITBANIN

Ruangvejvorachai P, Nopvichai C, Tepsumethanon V, Wacharapluesadee S, Hemachudha T,
Shuangshoti S. Role of inhibitory neurons in the pathogenesis of paralytic and furious rabies
in canine. [LANRITLULUL 2]

RNELHG) wnuzfiinasfanRiaBuUL double-labeling staining lagld antibody wiia
parvalbumin Uag rabies viral antigen tanagauin LasUszamdusIfiny Jaasnsiaite

ﬁwqﬁfmﬁmmﬂ@mﬁu%‘%avlaj Lﬁaaﬁ;ﬂwaq@‘ﬁw LR FIANUWIWINTRIT
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{ o [ % o { & a L
lassmsfi 3 nsdnwlils@uluaans iuanas uazladunasvasgraiidulsafingiy

TUULINMIANLUAZULLBNNIA

d3uAnyaulasonis
1 @3.8n53n1 J0HATNA
6 o a aA 1 A
auinuniaansmuuszinaluladFinnurnd
2 W8N DuaNAILATTY

indnmIzauliyyiien mntiazmaas IaanItiumIingay

'y I3
qmqﬂizaaﬂ
d' =1 o A (% s s % d'
WWafneIanwumensLaadsaanvasldsduluauas Muanes  waz lUaunas PoIFUBA
LﬂﬂiﬂﬁHqﬁfmﬁmuummsq%ﬁﬂ LLmJé’&lwmLm:qﬁfmﬁvlmﬂuiiﬂﬁmqﬁfmﬁw

NITANRWIW

=S = =) [ A o s %
NaINMIAnMRUTouRsuTzauMTLaadaanvadldsaudumglulusunasuas
g liidubiafingiatn (V) nulugmaiidulinfingriathuny Furious (F) wazuuy paralytic
(D) lae 3% 2D PAGE

(ouﬂ‘z:mmmnnuﬁ%ﬂiﬂﬁHqﬁfmﬁn 7N g{uﬁﬁuﬁmmmLLa:mﬂIuIaE%amwLL'ﬁ'ama)

ﬁrmmﬁLﬂi’]:ﬂﬂiauﬁl,l,mﬂ@haﬁ'uamaﬁﬁfﬂé’]ﬁrymaaqﬁfmﬁﬂﬂsﬂﬁwqﬁfmﬁmuu
Furious (F) WaSWUU paralytic %38 dumb (D) Lﬂ'%m_lLﬁuuﬁuqﬁfmﬁvlmﬂukﬂﬁwqﬁfmﬁw (N) lns
udaznga ledayavasquantidvedlsiuudazsia LLﬁ’;ﬁwm%'@mjuLwﬂmmﬁmmmﬁwﬁmaa
Iﬂiaufuﬂ‘lﬁ 12 ﬂéj&l éﬁf: Antioxidant proteins, Apoptosis-related proteins, Cytoskeleton
proteins, Heat shock proteins and chaperones, Immune response-related proteins,
Intermediairy metabolism enzymes, Neuron-specific proteins, RNA binding proteins and
proteins serving in transcription and splicing and elongation, Ubiquitination and proteosome-

related proteins, Vesicular transport proteins, Hypothetical protein 8z Unidentified

f28819
1) avaduazlrdunasvasgrinidulsaisgivii

a

1.1 giidulefisginduuugefidedios (FE) (n = 3)

D

a Aa

1.2 qﬁmﬁﬂu‘[mﬁwqﬁmﬁwLmué'wwmﬂLawmm%'a (DE) (n = 3)

a

1.3 giaidulsefisginduuugiheideiat (FL) (0= 3)

a A Ao ¥

14 qﬁfmﬁtﬂﬂiﬂﬁwqﬁmﬁwLmué’uwmmammm (DL) (n = 3)
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2) swadwazladunasvasgiaf liilulsafingiati (N) (n = 6)

ABLAUA8EN

udatauasz lIdunas (81dsznm 10 wudwaes) nngiafiiedieamusrwnd ld
1 d%’ A a o ' o =S

lundasdaaaizangmngd -70 °C aunitazhandnwinaaad

mimaaamaﬁaaﬂﬁﬁ'@ms

1. mysfausnlUsauaindrogrefiduaves fusuas LLanL“nﬁwé’waaqﬁmﬁ"[aﬂﬁﬁm%a
lsanngiath qﬁmﬁ@m‘%ﬂkﬂﬁHqﬁmﬂﬁ“fi‘llmmu&ﬁﬁ&lLL&:LLUU5NW1W
1) ¥ihdrasnsananansnlsiulasualdmdunuale Lysis buffer uas vortex Wiazans
i W iwenswilaunls
2) anaznaulisaudie3T Acetone Chloroform Precipitation

3) JaUSunmlUsfudrs35 Lowry protein assay lagld BSA tiulis@uanasgiu

2. Mmsuenlysduanalatng 1833 Off-line LC-MS/MS

1) LLﬂﬂIﬁJiaumuﬁ’mﬁfﬂIwLaan,@Ul%ﬂizLLﬁ"LWﬂﬂ@T’m‘i% SDS-PAGE

2) danldsduluusiniaaaluinaiia silver staining ﬁ@ﬁauwammmmfmﬁfﬂiuLaqa
uendasldsuludauaadisiawlminiudu lasmnafia In-gel digestion

3) Aanzidladens LC-MS/MS

Liquid Chromatography-Mass Spectrometry (LC-MS/MS) Wutnadanisuanssuas
m’aﬁmﬁzﬁﬁz\iL%aqmmwua:ﬂ%mmﬁm%ﬁﬁaasmﬁl,ﬂmaamm

WANNIY A ﬁaasm'mﬁLﬂﬂvlmﬁ'«azgﬂﬁ:uLﬁﬂ;jﬂa@?uﬁs’fimwiumigﬁaymgmﬂmawﬁa
yuatdn msueniiadwluaodud Lﬁaamnmﬂvlmiwia:ﬁuLﬂ'&‘aumumgmﬂmam%aﬁm
ANUSINUANAITH viéTammfuLﬂaJvL@lﬁLwiazmm:gn"?msw:ﬁmaﬁaU MS gwsuanaddlad
ﬁﬁﬂ%mmmﬂwaa:gnﬁﬂﬁmﬂuumﬁu uaz software 3TWIATTAMIEIAUNTA=H UV
ulUladalsinafia De Novo sequencing

4) Jiazrmvievaslusduaislusunsy MASCOT

naflasy

1. HAMTIATIEHNSHenlUTARIINAE196283F SDS-PAGE @Tagﬂﬁ' 1-4 WU
mmsa'ﬁwmLﬂﬂﬁﬂIu%y‘uﬂwsLLﬂﬂ‘[ﬂsaumum{mﬁﬂiuLaqavlﬂﬁﬂiﬁulmmuwaﬁﬁauﬁm
waidla silver staining LLa:mm‘mﬁﬂﬁamaamwmmfmﬁﬂiuLaqa wegasTUsauluionas
drotoulairsdu Ildlusdwiaiundnsdn iy ladas 55 Lc-MsMs da'ly
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Over 225 kDa

180-225 kDa
102-150 kDa

76-102 kDa

52-76 kDa

38-52 kDa

|
{

!

|
|
|

12-17 kDa

225kDa e . .
T P A S I
102kDa ____ :
76 kDa

52 kDa

38 kDa

31 kDa

17 kDa

12 kDa

317 1 usasdrataafiuunllsiudu3s SDS-PAGE ludratnaanadsiu Hippocampus

Over 225 kDa

150-225 kDa
102-150 kDa

76-102 kDa

52-76 kDa

38-52 kDa

31-38 kDa

17-31kDa

12-17 kDa

|
f
|
l

225 kDa
180 kDa
102 kDa
76 kDa

52 kDa - i
1 == : —
" -
- - - -

38 kDa '
e aca-aa-":i' ' """
.- - - -

' """ i.u:;.ui; H g
pretieccnstce +00d

17 kDa

12 kDa

31l 2 LRAIFLNIaNLen1UIeka21857 SDS-PAGE ludiatiniguadain Parietal
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Over 228 kDa

180-225 kDa
102-150 kDa

76-102 kDa

52-76 kDa

38-52 kDa

31-38 kDa

17-31kDa

12-17 kDa

|
i
|
!
{

225 kDa
180 kDa --F-
102 kDa
76 kDa

52 kDa

38 kDa

31kDa

17 kDa

-
12 kDa - .

31N 3 URAIFaL1IaNLen1UsA1ka2833 SDS-PAGE ludiatindguadaln Brainstem

Over 225 kDa

180-225 kDa
102-150 kDa

76-102 kDa

52-76 kDa

38-52 kDa

31-38 kDa

17-31kDa

12-17 kDa

|
f
|
l
{

225 kDa
150 kDa
102 kDa
76 kDa
52 kDa

X o RS us . .
58 kDa '. """ '-" a’; """""""""""""" - S T T T TRES WS T Se TS
31kDa . ........ Sl  SsBgts N . aB88-§

. -
. --- -Ee e . aEeee

17 kDa
12 kDa - . L

317 4 usasdiatnaafiuanlysdiud it SDS-PAGE ludragnylagunal
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~ A A o o o A ' o AN v A o AV 1 &
139N 1 usessfiavaslsdudumnzlusuauszlgunasnuandiunldaaifeonvesgian i

a o o nn a Y v A g a v o @ o da dn = @
IiﬂWEqu"ﬂU'}LﬂiUUW]ﬂﬂﬂﬂiuq%“ﬂﬂLﬂ%IiﬂWHq%"lﬁJ"lLLU?J@P'TElLLﬂ$LL'1Jl|E]NW'T@]Y]L@EW'N]L?'JLLG&':"]YI

ID Details Protein Region N FE DE FL DL
28S ribosomal protein S14, mitochondrial gi|157787000 | Hippocampus | 1 " M 0 1
aczonin gi|6433936 Hippocampus | 1 " 0 0 il
axin gi|2252820 Brainstem 1 0 " 1 "
brain alpha-tropomyosin (TMBr-1) gi|207355 Spinal cord 1 1 " 1 1
brain alpha-tropomyosin (TMBr-3) gi|207359 Spinal cord 1 1 ™ 0 1
Brca1 gi|6694636 Spinal cord 1 1 0 0 0
g‘r;‘aest and ovarian cancer susceptibility gil157460971 | Brainstem ' 0 o 1 1
CD2 molecule gi|56204193 Hippocampus | 0 ™ 1 " 0
gn]?grﬁpycr%fgﬁ‘:g;‘ftﬂzgf Human gi[109158020 | Brainstem | 11 |11 |11 |11 |11
Chain A, Crystal Structure Of Human

B ey | otZa8sarss0 | mranstem (1t |11 |11 [ |
Complex With Nad And Phosphate

Chain A, Low Resolution, Molecular

Envelope Structure Of Type | Collagen In

Situ Determined By Fiber Diffraction. Single | gi|254221095 | Brainstem il il il i il
Type | Collagen Molecule, Rigid Body

Refinement

Chard Stucu OlPto e | owessie | Hepocams [ 1 |1 |1 |1 |0
Chain A, Structure Of Tropomyosin's Mid-

Region: Bending And Binding Sites For gi|85544236 Spinal cord 1 1 " 0 1
Actin

g;gl'; *}y ggel gg:f;’;gr? ,a;lcegﬂf‘ge” Typel | 109156929 | Brainstem O Y
chondroitin sulfate proteoglycan 3 gi|56122258 Hippocampus | 11 " " " "
collapsin response mediator protein gi|1582083 Brainstem " " " " "
collapsin response mediator protein 1 gi|14189905 Brainstem " " ™" " ™M
CSPG3 variant protein gi|68533063 Hippocampus | 11 " " " "
cyclin A2 gi|14210077 Brainstem 1 0 0 0 T
cytokeratin 9 gi|435476 Brainstem " 0 T 0 i
cytokeratin KRT2-6HF gi|13272554 Brainstem " 0 1 0 "
cytokeratin type Il gi|3901030 Brainstem " 0 1 1 i
5§¢£Sié§8p_Glu_Ala_A3p/ His) box gil157272171 | Brainstem o [t |1 |1 o
dihydropyrimidinase-like 2 long form gi|161727458 | Brainstem " " ™" " M
dihydropyrimidinase-like 2 short form gi[161727456 | Brainstem " " " " "
dihydropyrimidinase-like 2 variant gi|62898846 Parietal N I M M 0
dihydropyrimidinase-like 2 variant gi|62087970 Brainstem " " " " "
icllgf);drmﬂynmldmase-related protein 1 gil62422571 Brainstem 17 17 17 1 o
;jslg]}gﬁpgnmldmase-related protein 1 gil4503051 Brainstem 17 17 o 1" o
dihydropyrimidinase-related protein 2 gil4503377 Parietal " " " " "
dihydropyrimidinase-related protein 2 gi|4503377 Brainstem " " " " "
DKFZP459J041 protein gi|207080280 | Hippocampus | 11 " ™ " I
E3 ubiquitin-protein ligase RNF123 gi|300796384 | Brainstem " " M " ™M
E3 ubiquitin-protein ligase RNF19A gi[194474032 | Brainstem " " ™M " "
epidermal keratin subunit Il gi|293686 Brainstem N 0 1 0 T
FLIP gi[148913064 | Hippocampus | 11 T 0 0 "
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ID Details Protein Region N FE DE FL DL
GAPDH-2 like gi|2282013 Brainstem ™ ™ ™ " ™
g(l)ultjabrir;ate oxaloacetate transaminase 1, gil148709958 | Parietal 1 1 " 1 "
e e ase e | oissezsara | parea |1 |11 |1 [0 |
ehychogenase. test cpeoiic 110626121 | Brainstem | 11 | 11 |1t |11 |
heat shock protein gi|840652 Brainstem " 1 " " "
heat shock protein 105 kDa gi|114145505 | Brainstem " i " " "
heat shock protein 110, isoform CRA_a gi|148673922 | Brainstem ™ 1 ™ " ™
HLA-B associated transcript 2 gi|147832430 | Brainstem ™M 0 0 i 0
HSD-35 gi|34559254 Brainstem " " " " "
HSPC192 gi|7106774 Parietal T 1 T 0 0
Ig heavy chain variable region, VH3 family gi|33319536 Hippocampus | 0 " " 0 1
IgK gi|196490 Parietal " " ™" 0
:’r:gil::oglobulin lambda light chain variable gil4324228 Brainstem ' 1 1 17 '
keratin 1 gi|11935049 Brainstem " 1 0 0 1
keratin 17, isoform CRA_c gi|119581156 | Hippocampus | 1 0 1 " i
Keratin 6A gi|46812692 Hippocampus | 1 1 T 0 0
Eggg‘ dzr(rﬁ‘:)dermo'ym paimoplantar gil[119581148 | Brainstem m o lo [+ |1 |1
keratin type Il gi|914833 Brainstem ™" 0 T 0 1
keratin, type | cytoskeletal 10 gi|296476308 | Spinal cord 1 0 1 0 0
keratin, type | cytoskeletal 17 gi|4557701 Hippocampus | 1 0 1 " 1
keratin, type Il cytoskeletal 1 gi|119395750 | Brainstem 1 1 0 1 1
keratin, type Il cytoskeletal 5 gi|50233797 Brainstem " 0 i 1 "
keratin, type Il cytoskeletal 6A gi|5031839 Hippocampus | 1 T 1 0 0
keratin, type Il cytoskeletal 6A gi|155369696 | Hippocampus | 1 1 " " 0
keratin, type Il cytoskeletal 6C gi[155969697 | Brainstem " 0 1 1 1
keratin, type Il cytoskeletal 7 gi|114051856 | Brainstem " 0 1 1 "
keratin, type Il cytoskeletal 75 gi|29789317 Brainstem " 0 i T "
keratin, type Il cytoskeletal cochleal gi|114145409 | Brainstem ™M 0 1 1 M
kinesin-associated protein 3 gi|197097982 | Hippocampus | 11 " " " "
rI;1ae;:1bboer:.u&_::leoprote|n domain family, gil55959410 Hippocampus | 1 o o 0 o
la-related protein 4B gi|57634536 Hippocampus | 1 " ™" 0 M
metaphase chromosomal protein gi|1154803 Parietal 0 " 0 1 1
msh homeobox 1-like protein gi|71370485 Brainstem 1 T 0 0 0
mucin-16 gi|83367077 Brainstem 0 T 1 0 0
mutant keratin 9 gi|1890020 Brainstem " 0 i i i
NADH dehydrogenase subunit 4 gi[13562136 Brainstem 1 1 0 1
neurocan core protein precursor gi[118600983 | Hippocampus | 11 " " " "
Gone enhancer n B-eels hiitorike 1 | 916195433 | Bansem | 1|10 1 1|
Padi2 protein gi[126153395 | Spinal cord " " " " ™"
peptidyl arginine deiminase, type Il gi|148681383 | Spinal cord ™ I I " T
PGCN_HUMAN gi|2627295 Hippocampus | 11 " N " N
Fsr;?srpmha;ep;::glrjl:esroerotem, mitochondrial gil6031192 Hippocampus | 1 1 0 0 '
ipsr;(?srpmha;ep:::;[:(resrop;roteln, mitochondrial gil4505775 Hippocampus | 1 o 0 1" 1
pol protein gi|21913262 Parietal T i il 0
PRAME family member 16 gi|113865933 | Brainstem 1 1 1 1
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ID Details Protein Region N FE DE FL DL
PRAME family member 17 gi|157426839 | Brainstem 1 1 0 1 1
PREDICTED: abhydrolase domain . .

containing 10 gi|291400705 | Brainstem il il il i "
PREDICTED: acyl-CoA-binding domain- . .

containing protein 5-like gil301784310 | Brainstem 1 1 " 1 1
PREDICTED: ADP-ribosylation-like factor 6 . .

interacting protein 6 gi|114581255 | Brainstem 1 1 1 0 ™
PREDICTED: BTB (POZ) domain . .

containing 8 gi[194211113 | Parietal 1 " " " "
PREDICTED: DEAD (Asp-Glu-Ala-Asp) box . .

polypeptide 46 gi|114601933 | Brainstem N I T 0 1
PREDICTED: DEAD (Asp-Glu-Ala-Asp) box gil194224905 | Brainstem 0 ' t 0 0
polypeptide 58

PREDICTED: DNA repair protein . .

complementing XP-C cells isoform 1 9i[297670010 | Spinal cord il mn il " 1
PREDICTED: DNA repair protein . .

complementing XP-C cells isoform 2 9i[297670012 | Spinal cord il il il " 1
PREDICTED: dynein heavy chain 7, gi|293361672 | Parietal 1 " 0 1 11
axonemal

PREDICTED: dynein, cytoplasmic 2, heavy . .

chain 1 isoform 1 gi|291383983 | Brainstem 1 T 0 0 1
PREDIQTED: dynein, cytoplasmic 2, heavy gi|291383985 | Brainstem 1 1 0 0 1
chain 1 isoform 2

PREDICTED: erythroblast membrane-

associated protein (Scianna blood group)- gi|194665871 | Brainstem " " " " "
like

PREDICTED: intercellular adhesion . .

molecule 5 gi|114675337 | Spinal cord 1 " " " "
PREDICTED: KCTD2 protein-like gi|293340576 | Brainstem I 0 I i I
PREDICTED: kinesin-associated protein 3 . .

isoform 2 gi|114565304 | Hippocampus | 11 ™ ™ " ™
PREDICTED: kinesin-associated protein 3 . .

isoform 4 gi|114565298 | Hippocampus | 11 " " " "
ErlztEGI?r:CiTED: microtubule-associated gil194221363 | Hippocampus | 1 1 1 1 1
‘I?Eili)r:(iTED: MORN repeat-containing gil297279741 | Parietal 1 1 " 1" 1
PREDICTED: mortality factor 4 like 2-like gi|27674605 Spinal cord 1 1 0 0 0
PREDICTED: olfactory receptor 414-like gi|194668731 | Hippo ™ " ™ " ™
PREDICTED: PRAME family member 10 gi[114575124 | Brainstem i 1 1 1
PREDICTED: PRAME family member 17 gi|114554119 | Brainstem 1 1 1 1
PREDICTED: putative uncharacterized . .

protein FLJ37004-like gi[109003210 | Parietal L L I L
PREDICTED: ras-related protein Rab-26- . .

like, partial gi|297283256 | Spinal cord M I M " N
PREDICTED: serine/threonine-protein . .

kinase SRPK2-like isoform 1 9i[109067772 | Hippo L L N A A
PREDICTED: serum albumin-like isoform 1 gi|301786252 | Brainstem ™ ™ M ™ ™
PREDICTED: similar to 3-oxoacyl- gi|149729674 | Hippocampus | 1 " " " 0
PREDICTED:_S_lmllar to Abhydrolase gil149625264 | Brainstem ' 0 ' 1 N
domain containing 8

PREDICTED: similar to apolipoprotein O gi|149744396 | Brainstem T 0 1 1 3
PREDICTED: similar to CDC2-related . .

kinase 7 isoform 6 gi|73966113 Spinal cord 1 1 0 0 0
PREDICTED: similar to Cell division cycle

2-related protein kinase 7 (CDC2-related gi|73966105 Spinal cord 1 1 0 0 0
protein kinase 7) (CrkRS) isoform 1

PREDICTED: similar to CG17941-PA gi|73981949 Parietal i i i 0 i
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ID Details Protein Region N FE DE FL DL
PREDICTED: similar to chromatin . .

modifying protein 28 gi|74001062 Parietal 1 " " 1 1
PREDICTED: similar to Chromosome 14 . .

open reading frame 73 gi|126290447 | Spinal cord ™ ™ M 0 ™
PREDICTED: similar to chromosome 6 . .

open reading frame 152 gi|149463327 | Parietal 1 1 0 0 il
PREDICTED: similar to Coiled-coil and C2 . .

domain containing 1A isoform 1 gi[126323160 | Hippocampus | 1 0 T 0 T
PREDICTED: similar to Coiled-coil and C2 . .

domain containing 1A isoform 2 9i|126323162 | Hippocampus | 1 0 1 " 1
PREDICTED: similar to cyclin T1 gi|73996851 Hippocampus | 1 " 1 " T
II:’iI:aESE;I?;'ED: similar to cyclin-dependent gil126308212 | Spinal cord 1 1 0 0 0
PREDICTED: similar to cytokeratin type Il gi|73996498 Brainstem 1 0 T 0 "
PREDICTED: similar to dentin . .

sialophosphoprotein precursor, putative gil126337978 | Brainstem 1 0 0 1 1
PREDICTED: similar to diabetes related . .

ankyrin repeat protein gi|149727156 | Brainstem 1 0 0 1 1
PREDICTED: similar to dopamine beta- . .

hydroxylase P gi|126297977 | Spinalcord | 1t |11 |11 |11 | 1t
PREDICTED: similar to Glyceraldehyde-3-

phosphate dehydrogenase, testis-specific

(Spermatogenic cell-specific glyceraldehyde | gi|73948478 Brainstem ™ " ™ " ™
3-phosphate dehydrogenase-2) (GAPDH-2)

(HSD-35)

PREDICTED: similar to GPI- . .

mannosyltransferase subunit 9i[74002957 Brainstem 1 0 1 T l
PREDICTED: similar to GS homeobox 1 gi|149599030 | Brainstem 1 1 1 " 0
PREDICTED: similar to heat shock . .

transcription factor 1 9i[149598283 | Brainstem 1 1 il 1 il
PREDICTED: similar to keratin 5b gi|73996461 Brainstem ™ 1 1 ™
PREDICTED: similar to keratin 6L gi|73996463 Brainstem " 0 i T "
PREDICTED: similar to Keratin, type |

cytoskeletal 14 (Cytokeratin-14) (CK-14) gi|114667176 | Brainstem " 0 i 1 i
(Keratin-14) (K14)

PREDICTED: similar to kinesin-associated . .

protein 3 gi|126306371 | Hippocampus | 11 ™ ™ " ™
PREDICTED: similar to Leucine-rich repeat . .

protein SHOC-2 (Ras-binding protein Sur-8) 9i[74003729 Parietal 0 T T t T
PREDICTED: similar to low density . .

lipoprotein receptor-related protein 10 gil149567113 | Parietal 1 " 1 " 1
PREDICTED: similar to low density . .

lipoprotein receptor-related protein 8 gil73956442 Brainstem ! 0 0 0 1
PREDICTED: similar to Low-density

lipoprotein receptor-related protein 4 . .

precursor (Multiple epidermal growth factor- 9il126332714 | Parietal " " 1 " "
like domains 7)

PREDICTED: similar to Macrophage

receptor MARCO (Macrophage receptor gi|73984183 Parietal 1 M 0 0 0
with collagenous structure)

I:(I;{Enl?)lnc_i;ligélzlmllar to myosin heavy chain gil149409210 | Brainstem 1 o 1 0 0
Eﬁi‘gﬁli’i’;g‘ﬁ"ar to N-mye proto- gil149631792 | Spinalcord |1 |1 |0 |0 |o
PREDICTED: similar to nucleoside . .

diphosphate kinase type 6 gi|73985902 Hippocampus | 1 ™ 0 0 1
I:(I):{TEZDICTED: similar to Olfactory receptor gi[74006383 Brainstem N 0 ' 0 '
PREDICTED: similar to Olfactory receptor gil73982588 Spinal cord 1 1 0 0 0

9
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ID Details Protein Region N FE DE FL DL
PREDICTED: similar to peptidylarginine . .

deiminase, type I gi|149253211 | Spinal cord " " " " ™"
PREDICTED: similar to Ral guanine . .

nucleotide dissociation stimulator-like 3 9i[126322823 | Spinal cord m m m d il
PREDICTED: similar to RIKEN cDNA . .

6330514A18 gene gi|149633975 | Brainstem 1 " ™ 1 ™
PREDIQTED: S|m.|lar.to RNA polymerase | gil126297923 | Spinal cord N N 0 0 0
transcription termination factor 1

PREDICTED: similar to SEL1L gi|126282500 | Spinal cord M T 1 0 T
PREDICTED: similar to SLC25A3 protein . .

isoform 4 gi|114646438 | Hippocampus | 1 " 0 " il
PREDICTED: similar to sorbin and SH3 . .

domain containing 2, partial gi[149615821 | Brainstem 1 0 1 1 1
(I;’(I;ltEaD5ICTED: similar to T cell receptor V gil149598669 | Brainstem 1 0 1 1 1"
PREDICTED: similar to tolloid-like 2, partial | gi|149618793 | Spinal cord 1 1 0 0 0
PREII_)IC_)TED: similar to tudor domain gil73980599 Brainstem 1 0 1 1 1
containing 6

PREDICTED: similar to type IIA . .

procollagen, partial gi|149473605 | Brainstem 1 0 1 1 ™
PREI?ICTED: similar to ubiquitin associated gil149409863 | Hippocampus | 1 1 1 17 0
protein 2

PREDICTED: similar to Ubiquitin-

conjugating enzyme E2 E3 (Ubiquitin-

protein ligase E3) (Ubiquitin carrier protein gi|74004751 Spinal cord ™ ™ N " N
E3) (Ubiquitin-conjugating enzyme E2-23

kDa) (UbcM2) isoform 3

PREDICTED: similar to Zinc finger protein

64, isoforms 1 and 2 (Zinc finger protein gi|194238788 | Hippocampus | 0 " ™" " 0
338)

;’&EDICTED: similar to zinc finger protein gil149554947 | Spinal cord N ' 0 0 o
PREDICTED: ubiquilin 1 gi|194224707 | Brainstem 0 il " 0 "
PREDICTED: ubiquitin specific protease 34 | gi|293353299 | Brainstem ™ 1 M " M
E’kReEDICTED: UPF0691 protein C9orf116- gil301792272 | Spinal cord o 1" t 1" t
PREDICTED: WD repeat domain 78 gi|297473081 | Hippocampus | 11 " " " "
prostate stromal protein ps20 gi|10312075 Brainstem 1 0 1 0 1
protein piccolo isoform 1 gi|150378539 | Hippocampus | 1 ™ 0 1 1
protein piccolo isoform 2 gi|150170670 | Hippocampus | 1 " " 1
protein unc-13 homolog C gi|284055293 | Brainstem 1 1 " " "
protein-arginine deiminase type-2 gi[171906557 | Spinal cord " " " " ™"
protein-glutamine gamma- . .

glutamyltransferase E gi|124001551 | Hippocampus | 0 1 1 ™" 1
protocadherin 15 precursor (predicted) gi[165934069 | Spinal cord 1 1 0 1 0
protocadherin alpha-8 gil41281624 Hippocampus | 1 0 1 1 0
PRTD-NY2 gi|12330995 Parietal 0 1 1 i 0
quaking protein 3 gi|17224450 Brainstem i " " T "
RAB26, member RAS oncogene family gi|44890744 Brainstem 1 0 T 1 "
ras-like protein family member 11B gi|110625708 | Hippocampus | 1 " " " "
ras-related protein Rab-26 gil46361978 Brainstem 1 0 1 0 "
RecName: Full=Evolutionarily conserved

signaling intermediate in Toll pathway, . .

mitochondrial; AltName: Full=Protein gi[150382601 | Hippocampus | 0 T 0 T m
SITPEC; Flags: Precursor

RecName: Full=Hemoglobin subunit beta-Z;

AltName: Full=Beta-Z-globin; AltName: gi|232227 Brainstem ™M 0 1 0 T

Full=Hemoglobin beta-Z chain

31



ID Details Protein Region N FE DE FL DL
RecName: Full=Homeobox protein MSX-1; . )

AltName: Full=Msh homeobox 1-like protein gil88913535 Brainstem t ! 0 0 0
RecName: Full=Myelin basic protein; . .

Short=MBP Y P gi|32469616 Brainstem 1 " I ™ N
RecName: Full=Protein HUG-1; AltName: . .

Full=HOX11 upstream gene 1 protein 9il13124303 Hippocampus | 1 " " " "
RecName: Full=Protein-arginine deiminase

type-2; AltName: Full=Peptidylarginine . .

deiminase II; AltName: Full=Protein- gil730271 Spinal cord 1" mn i mn i
arginine deiminase type Il

RecName: Full=RNA-binding protein 12B;

AltName: Full=RNA-binding motif protein gi|75071008 Parietal I ™ N " N
12B

reelin gi|1743885 Parietal 1 1 1 0
regulator of G-protein signaling 22 gi|158534077 | Parietal 0 1 1 0

RNA helicase LGP2 gi|149408137 | Hippocampus | 1 " " 1 "
sarcomeric tropomyosin kappa gi|49660012 Spinal cord 1 1 " 0 1
serine/threonine-protein kinase SRPK2 . .

isoform a gi|33188449 Hippocampus | 11 ™ ™ " ™
serum albumin precursor gi|57977283 Brainstem " " " " "
EET and MYND domain-containing protein gil156616308 | Brainstem ' 0 0 0 1
SFRS protein kinase 2 isoform ¢ gi|34329350 Hippocampus | 11 " " " "
short-wave sensitive type 1 opsin gi|77025120 Brainstem " 0 0 1 "
skeletal muscle tropomyosin gi|339958 Spinal cord 1 1 ™ 0 1
SLC25A3 protein gi|34783216 Hippocampus | 1 ™ 0 0 1
SMAP gi|3645904 Hippocampus | 11 " " " "
solute carrier family 25 (mitochondrial

carrier; phosphate carrier), member 3, gi|119618006 | Hippocampus | 1 " 0 " T
isoform CRA ¢

SRPK?2 protein gi|46250445 Hippocampus | 11 " M " M
STAT3 gi|13272532 Brainstem " " " " "
T-cell surface antigen CD2 precursor gi|156071472 | Hippocampus | 11 " 1 " 0
tetratricopeptide repeat protein 35 gi|166157534 | Parietal i i " 0 i
TPM1 protein gi|29792232 Spinal cord 1 i " 0 1
TPMsk1 gi|19072647 Spinal cord il il " 0 il
transducin-like enhancer of split 3 (E(sp1) . .

homolog, Drosophila), isoform CRA_d gi[119598257 | Parietal t t 0 0 0
tropomyosin (227 AA) gi|825723 Spinal cord 1 1 " 0 1
tropomyosin alpha striated muscle isoform gi|49660014 Spinal cord 1 1 " 0 1
tropomyosin isoform gi|854189 Spinal cord 1 1 " 0 1
type Il keratin Kb1 gi|149031965 | Brainstem 1 1 0 0 1
type Il keratin Kb14 gi|51092301 Brainstem " 0 T i T
type Il keratin subunit protein gi|386854 Brainstem 1 1 0 1 1
ubiquitin carboxyl-terminal hydrolase 20 gi|157427794 | Spinal cord " " " " "
WAP four-disulfide core domain protein 1 gi|18379353 Brainstem ' 0 ' ' '
precursor

yv40g01.s1 Soares fetal liver spleen 1NFLS

Homo sapiens cDNA clone IMAGE:245232 gi|1195811 Hippocampus | 1 0 1 0 i

3-, mRNA sequence
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FL = mjuqﬁfmﬁLﬂuiiﬂﬁwqﬁfmﬁwmeﬁmﬁlﬁﬂ%’iwﬁﬁ
DL = mjuqﬁfmﬁLﬂﬂiﬂﬁwqﬁfmﬁwLLUUé’NWWﬁL%U%’iWﬁ
0 wunds lifien intensity)

A, i A a X A ~ ~ )
(T wanwfy Ae intensity NLuan WallSoutisuny o)

& A, ) A a X A a ~ )
(11 wanady U6 intensity NiNLBUIIN WaldIuuisunu 0)

2.

NaNITILATIzR R TRava9lUsAunTn1suaasaanuaIaNaIsIn Hippocampus,

Parietal, Brainstem WLaz [USHHRES madqﬁfmﬁ"l,&ivl,ﬁ?mL%akﬂﬁmgﬁfmﬂw qﬁfmﬁam%a‘[iﬂﬁwqﬁfm

ﬁﬂﬁ'ﬂmmmﬁwmmumué’uwm nldsunIy MeV @T&gﬂﬁ 5-8 WUINRINITANWWIINATGA LY

&< A & A a o
AWNITILATIEARITRAV DI [ 5Aw |6

mCz147683
neurocan

PGCN_HUMAMN

RecName:

SMAP

SRPEZ protein
unnamed protein
unnamed protein
unnamed protein
unnamed protein

"cDNA secquence BCOEEL135, isoform CRA 1 "
chondroitin sulfate proteoglycan 3
chondroitin sulfate protecglycan 3

C3PG3 variant protein
DEFZP459J041 protein
hypothetical protein LOCZTLBET
"kinesin-associated protein 3
kinesin-assoclated
kinesin-associated
kinesin-associated
kinesin-assocliated
kinesin-associated
"kinesin-associated protein 3, isoform CRA_a
"kinesin-associated protein 3,
"kinesin-associated protein 3, isoform CRA b "

(predicted), iscform C
protein 3
protein 3
protein 3
protein 3

3

protein isoform 1

isoform CRA a "

neurocan core protein precursor
neurocan <ore pratein precursor

EREDTCTED: hypothetical protein isoform 5

PREDICTED: hypothetical protein LOC463641 isoform 2
PREDICTED: hypothetical protein LOC463641 isoform 4
PREDICTED: hypothetical protein LOC463641 isoform 7
PREDICTED: hypothetical protein LOC463641 isoform O
PREDTCTED: kinesin-associated protein 3 iscform 1
PREDICTED: kinesin-associated protein 3 iscform 2
PREDICTED: kinesin-associated protein 3 iscform 4
PREDTCTED: LOW QUALITY PROTEIN: serins/threonine-pro
PREDICTED: microtubule-associated protein 4
PREDICTED: olfactory receptor 414-1like

PREDICTED: olfactory receptor 414-like

PREDICTED: ras-like protein family member 11B-like
PREDTCTED: ras-like protein family member 11B-like
"PREDICTED: PAS-like, family 11, member B"
PREDICTED: serine/threonine-protein kinase SRPKZ
PREDTCTED: serine/thrsonins-protein kinase SRPKZ-1lik
PREDICTED: similar to Coiled-coil and CZ domain cont
PREDICTED: similar to Coiled-coil and CZ domain cont
PREDICTED: similar to kinesin-associated protein 3
PREDICTED: similar to Neurocan core protein precurse
PREDTCTED: similar to RAS-like family 11 member B
PREDICTED: similar to RAS-like family 11 member B
"PREDICTED: similar to RAS-1like, family 11, member B
PREDTCTED: WD repeat domain 78

ras-like protein family member 11B
ras-like protein family member 11E
Full=Kinesin-assoclated protein 3;
BNA helicase LGPZ

"RPCI-24-299M4.TV RPCI-Z4 Mus musculus genomic clone
serine kinase SREKZ

serine kinase SRPKZ

serine kinase SRPKZ-alternatively spliced form;
serins/threonine-protein kinase SRPKZ isoform a
serine/threonine-protein kinase SRPKZ isoform b
SFRS protein kinase 2 isoform o

"similar to hypothetical protein FLJ11354

Short=RaA

simi

(predicted

product
product
product
product

‘:I = = tﬂl tﬂl ' a ] s e o a aa
EﬂVIS LRAINANTITIUIBULNEY ﬂ?iuﬁﬂdﬂaﬂﬂLﬂaﬂ%uﬂﬂdu@ﬂ@?dﬂuaquwuﬂﬁﬂﬂtyﬂﬁdﬁﬂ@(p <

0.05) TaIENBIAIU Hiocampus vaigHaivasgianaaialsaingintnsluwuugouszuuuduma

Wisuifisunugian ldld@azalsaRegividaldsunsy Mev
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FL1
FL
FL3

FE1
FEZ
FE3 T
DEL 5
DEZ
DE3
DL1
DLZ .
DL3

— s WD
=2 =22 2 2 2

IgEK
metaphase

RPeclName:

"glutamate oxaloacetate transaminase 1,
"glutamic-—

FREDICTED:
FREDICTED:
PREDICTED:
FREDICTED:
FREDICTED:
Full=RNA-binding protein 12B; AltName:
unnamed protein product

soluble"
oxaloacetic transaminase 1, aspartate aminot
chromosomal protedin

BETE (POZ) domain containing 8

MOBRN repeat-containing protein 1

similar to chromatin modifying protein IZB
similar to low density lipoprotein receptor
similar to Low-density lipoprotein receptor
Full=p

P = a a 4 ' @ = N aa
Ell‘n 6 LLﬁ@\ﬁNﬂﬂWSLﬂiﬂ'ﬂLﬂﬂU ﬂ']iLLa(ﬂ\‘laﬂﬂ'ﬂL‘lJaﬂuLLﬂa\‘iLL@]ﬂ@]']\jﬂuﬂﬂ’]\juuﬂa’]ﬂfy'ﬂqﬂﬁﬂ@] (p <

0.05) aIaNBIFIU Parietal aIgUINVRIgHINGAITalInAngHvtmMIluLLLg T BLAZLLLEN WA

Wisuifisunugiafn il ld@azalsaRugiuidaldsunsy Mev

0.0 5.2 7.867
=l m A Mm A m M
S MmN W MM KEKEGdddddad
ZEEEE 2 E2EnmEO0O0 0D AOAA
albumin -
albumin

"Chain A,
GAPDH-Z like

hCoeZ011880
H3D-35

"mCE142119,
"mCG142119,

STAT3I

"glyceraldehyde-3-phosphate dehydrogenase,
"glyceraldehyde-3-phosphate dehydrogenase,

"unc-13 homolog ¢ (C.
"unc-13 homolog € (C. elegans), lsoform CRA:b "
"unc-13 homolog C (C.
unnamed protein product

dog (fragment)

breast and ovarian cancer susceptibility gens
Crystal Structure Of Human Sperm-Specific

testis—sp
testis-sp

hypothetical protein
hypothetical protein PANDA 009757
hypothetical protein PANDA 018508
isoform CRA a
isoform CRA b "

nuclear factor of kappa light polypeptide gene enhan

"

PREDICTED: abhydrolase domain containing 10
PREDICTED: erythroblast membrane-assoclated protein
"PREDICTED: glyceraldehyde-3-phosphate dehydrogenase
"PREDICTED: glyceraldehyde-3-phosphate dehydrogenase
"PREDICTED: glyceraldehyde-3-phosphate dehydrogenase
"PREDICTED: glyceraldehyde-3-phosphate dehydrogenase
"PREDICTED: glyceraldehyde-3-phosphate dehydrogenase
"PREDICTED: glyceraldehyde-3-phosphate dehydrogenase
"PREDICTED: glyceraldehyde-3-phosphate dehydrogenase
"PREDICTED: glyceraldehyde-3-phosphate dehydrogenase
PREDICTED: hypothetical protein LOCLlO001Z8935
PREDICTED: hypothetical protein LOCLO001Z8935
PREDICTED: protein unc-13 homoleg C

PREDICTED: putative uncharacterized protein encoded
PREDICTED: serum albumin-like isoform 1

"PREDICTED: similar to Glyceraldehyde-3-phosphate de
"PREDICTED: similar to Glyceraldehyde-3-phosphate de
PREDICTED: similar to hCel820509

PREDICTED: similar to RIKEN cDMA £330514418 gene
"PREDICTED: similar to type IIA procollagen, partial
PREDICTED: similar to Unc-13 homeolog € (Muncl3-3) is
PREDICTED: similar to unc-13 homolog € isoform 3
PREDICTED: ubiquilin 1

PREDICTED: unc-13 homolog C (C. eslegans)

PREDICTED: uncharacterized protein NCRNAODODSS homolo
protsin unc-13 homolog ©

protein unc-13 homolog ©

protein unc-13 homolog ©

quaking protsin 3

RecMName: Full=Myelin basic protein; Short=MEP
RecName: Full=Protein unc-13 homolog C; AltName: Ful
RecName: Full=Putative uncharacterized protein encod
RecMName: Full=Serum albumin; Flags: Precursor
RecMName: Full=Uncharacterized protein NCRNAOOO95 hom

serum albumin precursor
spermatogenic cell-specific glyceraldehyde 3-phospha

elegans), isoform CRA a

elegans), isoform CRA c "

‘:I = = dl dl ' a ] s o o a aa
E‘.IJ‘YI 7 ugaINanN1ILUIBULINEY ﬂ']iLLﬁ@NﬂaﬂﬂLﬂaU%LLﬂadLL(ﬂﬂ(ﬂ']\‘]ﬂ“H:ﬂquuuﬁlﬁﬂﬂm_"ﬂ’]dﬁﬂ@] p <

0.05) VodFNBIAIU Brainstem vasguaNvsginaazelinfingriatimsluuuuginoussuuudumie

Wisuifisunugian ldld@azalsaRusgivtihdaldaunsy Mev
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0.0 6.98 7.73

=AM A Mo M
SN W EEEMBEEE A a4
2 EE 222 R MNAA A RN MR B QA

"Chailn A,

"mCG12848,

PREDICTED:
PREDICTED:
PREDICTED:
PREDICTED:

PREDICTED:
PREDICTED:
FEREDICTED:

FREDICTED:

PREDICTED:
FREDICTED:
PREDICTED:

"PREDICTED:
"EREDICTED:

"EREDICTED:

"PREDICTED:
"PREDICTED:
"EREDICTED:
"PREDICTED:

Crystal Structure Of Human RabZé In Comple
hypothetical protein

isoform CRA b "

Padil protein
"peptidyl arginine deiminase, type II "

DNA repalir protein complementing XP-C cel
DNA repair protein complementing XP-C cel
hypothetical protein
intercellular adhesion molecule 3
PABZE, member BAS oncogene family
PABZE, member BAS cncogene family-like"
ras-related protein Rab-Z&-like
ras-related protein Rab-Z&-like isoform 1
ras-related protein Rab-Z&-like isoform Z
ras-related protein Rabh-2&-like, partial
similar to dopamine beta-hydroxylase
similar to peptidylarginine deiminase, t
similar to RABZE, member BAS oncogene fa
similar to RABZE, member PAS oncogene fa
similar to RABZE, member PAS oncogene fa
similar to Ral guanine nucleotide dissoci
similar to zinc finger protein 709
UPFOE9] protein CY9crfllé-like

protein-arginine deiminase type-2
"RAEZG, member RAS oncogene family
"RAEZH, member RAS oncogene family, isoform CRA a

"BABZS, member RAS oncogene family, isoform CRA b"
ras-related protein Rah-28

ras-related protein Rab-2&

ras-related protein Rabh-Z2&

ReclName: Full=Protein-arginine deiminase type-I; Alt
ReclName: Full=Ras-related protein Rak-2§

unnamed protein product [Mus musculus]

unnamed protein product [Mus musculus]

3UN 8 ugaanamaIoufisy  niusaseaniilfountasuandranuednlnadaynasda (p <

0.05) Va4 MUFUARI °uaaqﬁf"uﬁ"uadqﬁfmﬁaﬂL%aiiﬂw“wqﬁfmﬁﬁﬁ'ﬂmmuq%ﬂLLazLLuué'uwm

Wisuifisunugian ldldfazalsaRugiathdialdsunsy Mev
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@SERPINGl
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MYEF2

/—\ZNF709

\?V‘EN5G00000236346

511 9 usasnamaBanlosiuvaslds@unnisuaasaanfilfowulasuanarenuwa el s nig

8iid (p < 0.05) vosgrvNvasganfazalinisgivimluiungisuszuuuduwia wWisuisuiy

g ldldGazalsaRugiuindsldsuny String
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® ICAM5
intercellular adhesion molecule 5, telencephalin; ICAM proteins are ligands for the leukocyte
adhesion protein LFA-1 (integrin alpha-L/beta-2) (924 aa)
GAPDHS
glyceraldehyde-3-phosphate dehydrogenase, spermatogenic (408 aa)
C11orf58
Small acidic protein (183 aa)
UNC13C
unc-13 homolog C (C. elegans) (2214 aa)
& CHMP2B
chromatin modifying protein 2B (213 aa)
STAT3
signal transducer and activator of transcription 3 (acute-phase response factor) (770 aa)
& CENPE
centromere protein E, 312kDa (2701 aa)
ABHD10
abhydrolase domain containing 10 (306 aa)
# SERPING1 (500 aa)
! KBTBDS8
kelch repeat and BTB (POZ) domain containing 8 (575 aa)
ALB
Albumin (609 aa)
MYEF2
myelin expression factor 2 (600 aa)
LRP10
low density lipoprotein receptor-related protein 10 (713 aa)
MAP4
microtubule-associated protein 4 (1152 aa)
KIFAP3
kinesin-associated protein 3 (792 aa)
GOT1
glutamic-oxaloacetic transaminase 1, soluble (aspartate aminotransferase 1) (413 aa)
WDR78
WD repeat domain 78 (848 aa)
ERMAP
erythroblast membrane-associated protein (Scianna blood group) (475 aa)
CHST3
carbohydrate (chondroitin 6) sulfotransferase 3 (479 aa)

PADI2

36



peptidyl arginine deiminase, type Il (665 aa)

' UBQLN1

ubiquilin 1 (589 aa)

" RGL3

ral guanine nucleotide dissociation stimulator-like 3 (710 aa)

= DBH

dopamine beta-hydroxylase (dopamine beta-monooxygenase) (617 aa)

0 ZNF709

zinc finger protein 709 (641 aa)

' ENSG00000236346

NF-kappa-B inhibitor-like protein 1 (Nuclear factor of kappa light polypeptide gene enhancer in B-
cells inhibitor-like 1)(Inhibitor of kappa B-like protein)(I-kappa-B-like protein)(lkappaBL) (381 aa)

(Homo sapiens)

317 10 usasdwanlisduiinmsuaaseanfiifouudasuandranuagnfiddyneaiia (p < 0.05)
o @ o A o Ada & A v o & o o o
vasludunas vesgiaivesgiafidatelinfingriuinluunugouazuuudunia wisuiiuny
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quw"l,uvl,@@m makﬂwwqumm
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Cytoskeleton proteins
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Heat shock proteins and chaperones

Heat shock proteins %38 stress proteins Lﬂ%ﬂéﬁ&liﬂiauﬁwululfm&1uaﬂ1’szﬂﬂ§l OF

'
) v s

Mundnaaanu chaperones QRMGEY folding va4 cellular protein %% conformation Qﬂﬁad Tu
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Immune response-related proteins
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Neuron-specific proteins

Collapsin response mediator protein 2 (CRMP-2) %380 dihydropyrimidinase-related
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Ubiquitination and proteosome-related proteins
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A3799NFHITHAA non-neuronal Amansafiusegnelding 1w i wwe niisda
PULTURFI ﬁﬂﬂﬁgﬁfﬂﬁlﬁﬂ%%
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4.1 TassnsuSauiisuisnisasreiteanlia RB aramaiaamiaine 5 uuy
“Comparative detection of rabies RNA by NASBA, real-time PCR and conventional PCR”

Lﬂu‘[mamﬁﬁ'mﬂ‘%ﬂuLﬁﬂuﬁ‘ﬁmsmnmaa%%ﬁwm 5 5iia Mdun13a39R%

5’1mmﬁﬂuﬁuﬁaﬁgﬁnﬂmamm:;ﬁ%’y éuA NASBA-ECL  (Wacharapluesadee  and
Hemachudha, 2001) &8z Real- time PCR (Wacharapluesadee et al. 2008) Laz31n
AuIIA9UTzIN @A RT-hnPCR (Dacheux et al., 2008) RN IATITANAIUNT %
lﬁajmﬂﬂmz;ﬁﬁ'm (Real time- NASBA) 1iaL1/3su1fiey sensitivity specificity 4az32p21a0
Tum5Sfiads Bnral3oufisunsliiaiesda 2 uuulunnsvih Real- time NASBA dald
Lﬂ‘éaaﬁaﬁiWwazﬁw'ﬁ@T@w'%ﬁmj%'@fﬁmmU LLﬂZﬂ’]iﬂizglﬂ(iﬂfLﬂ%ﬂd Real- time PCR&%

mslinuatnsnsnaslulszinealng 31nnia3ad Real- time NASBA

Hafilasy
1) MaIsuLiBy sensitivity 2893511301929 5 WUU
nnnmadisufisuludiedns 2o8ia ldu vial - RNA - 284 hiaRugiai siia

laboratory strain (CVS-11) LLa:"La%'aﬁVL@Ta’lﬂawaaqﬁfmﬁa@L%avlﬁaﬁwqﬁmﬁ’l (street strain)
lasn1s¥in diluton  1:10 Lﬁ"amms;mﬁ’]aﬁ%%msm’mLm'aumummmmmwﬂﬁaﬁﬁ
Wu31 NASBA-ECL, Real- time PCR uaz Nested-PCR flanulhlumsasiafiszauifiontiu
Tuvnuedi Real-  time  NASBA  fanuhlunisanatesniniivemu 10 wih agelad
wadany

@2ga Nucleic acid sequence-based amplification with electrochemiluminescence (NASBA-ECL)

Reverse transcription (RT) - heminested (hn) polymerase chain reaction (PCR)
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Aa (%

2) maiaufioy sensitivity 289357 naw1Iulnal Real- time NASBA ainm3lfiatasiiansa

FNTHAN

Primers W8z Probe 184 Real- time NASBA vl,éfaammmﬁﬂ@umﬁ'wﬂa;&aﬁugmmaa
5%m15 NASBA-ECL AiWaimniuaaudl 2543 ﬁﬁgaﬁu&a’hﬁmwu"lﬂumimaagm R0
mwﬁadmimmmjﬂamiam%sl%%"l,ﬁ (Wacharapluesadee and Hemachudha, 2001) uas
Ifdwitnsamanasgusasguiljuianimeliaauas Gaudil w.a. 2543 — 2552 ud
Lﬁaaﬁnﬂﬁmwq@m?zmmzﬁ‘immﬂﬁfﬁm EcLiilflunsasia lapfinaluladlna fo NASBA
-Real time 3unuii uadadldindasiiosuwizlunmsasiadfiads Gedsenuns

anzATedaldnasasuszundldiaiasiio Real- time PCR Saflagluwesufianisag
g hamesasldlunisvin Real- time NASBA Ssuifisuiunislfiaios Real time
NASBA ¢l

AINARBUNLIN NI Real- time NASBA aniadasiians 2 oite Inanisasafily

WANANINBNILILS sensitivity LAz specificity

ayUuaziiaszina

HamsTsnalisuifisuinafienveniiinelumienaiiads hiafsgiui e
anwaseft Trefuiuinadia Real- time PCR sannihanltlunmaifadogiholsaiy
piathnaunuis NASBA-ECL figudufiiansTsamsauas lilunmsasiafududaud w.e.
2543 uazfuazdinaluladlna Ao Real- time NASBA Alilaliuanisamandenylhln
MNTA3579 AnNIBEN (NASBA-ECL) msfionallmwnznisamatauuy ECL (Humsiaf
end point MAIMNIMIRZANFLLIMVEI chemiluminescent luumuzfi Real- time NASBA
\unmyiaaaas fluorescent NN 9 cycle Afmaasuudas udatalsfiony nsasadas
inaluladl Real- time NASBA ld5z8zammsasiasafintesnin aedszanm 2 T2l luame
‘ﬁl NASBA-ECL @Tao’l,ﬁmﬂwﬁy'umaun’n amplification LLaz detection TINUIzNH 3 %LJING
LLazﬂ'\immsnﬂizﬂqﬂmﬂ%ﬁuLﬂ%faq Real- time PCR 'ldlaglaisniiudosdoindosvasszuy
NASBA

nM30319399adsmafia Nested-PCR  lFtaanlunisasiatszanoe 5 52 lu9 uasd
ANULELIRBNTILAA contamination 3xHIINNIATIY ﬁaﬁaoms;jﬂﬁﬁaﬁﬁﬂimummﬂums
a329§49 usadalafiaw WhwanepasduluninfinySunondudn L-polymerase Bonwanena
91NN13¥N Real- time PCR was NASBA 9315w nucleoprotein (N) 1uduiinwany uaziin
Suifanuasdiszninglasy strain 6199 wiapiiniadn geautrag Samunziasldluns
aadfiadnagrounsnansrialan anndidu N Adanuesadinda wasHuudIuniinig

Paglan way strainmaavb%’aﬁwqﬁfmﬂﬁ
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a79N 1 Comparison of NASBA and PCR detection systems for detection of rabies viruses

Sample NASBA-ECL"  NASBA- NASBA- TagMan RT-  RT-hnPCR’
(Dilution) Beacon -EQ”  Beacon-LC® PCR’

Cvs (10'4)* ++/+ ++/+ +H+/+ ND +H+/+
CVS (10°)  ++/+ +H+/+ +H+/+ ND +H+l+
CVS (10°)  ++/+ I~ oI~ ND +H+l+
CVS (107)  #-- I~ I~ ND -I-I-
CVS (10°) - I~ oI~ ND -I-I-
D4 (1 0'3)# +/+/+ +/+/+ +/+/+ +/+/+ +/+/+
D4 (1 0'4) +/+[+ +/+[+ +/+[+ +/+[+ +/+[+
D4 (1 0'5) +/+/+ +/+/+ +/+/+ +/+/+ +/+/+
D4 (10°) A+ -1+l -l-l- o+ +-l+
D4 (107) +/-}- -l -l oJ-I- oJ-I-
D4 (10°) -I-I- -J-I- -l oJ-I- of-I-

ND = not done due to mismatch between probe and target, * RNA concentration = 0.018 ug/pl,

* RNA concentration = 0.374 ug/l, * NASBA assay with electrochemiluminescence detection, ° real-
time molecular beacon NASBA performed with the NucliSens EasyQ analyser, * real-time molecular
beacon NASBA performed with the LightCycler real-time PCR machine, ‘ one step TagMan real-time

RT-PCR, ° RT- heminested PCR
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A19197 2 Sensitivity, specificity, positive predictive value, and negative predictive value of

TaqgMan real-time RT-PCR results in 4 specimens

Position Sensitivity [95% CI]  Specificity [95% CI] PPV [95% CI] NPV [95% ClI]
Brain 100.0 100.0 100.0 100.0

Saliva 83.3 [76.1, 90.6] 100.0 100.0 76.0 [67.8, 84.4]
Whisker follicles ~ 81.8 [74.3, 89.3] 100.0 100.0 74.4 [66.0, 83.0]
Hair follicles 66.7 [57.5, 75.9] 100.0 100.0 61.4 [51.9, 70.9]

PPV = Positive predictive value, NPV = Negative predictive values
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1. Wacharapluesadee, S., Hemachudha, T. 2001. Nucleic-acid sequence based amplification
in the rapid diagnosis of rabies. Lancet. 358, 892-893.

2. Wacharapluesadee, S., Sutipanya, J., Damrongwatanapokin, S., Phumesin, P.,
Chamnanpood, P. Leowijuk, C., Hemachudha, T. 2008. Development of a TagMan real-

time RT-PCR assay for the detection of rabies virus. J Virol Methods. 151, 317-320.
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Bourhy, H., 2008. A reliable diagnosis of human rabies based on analysis of skin biopsy

specimens. Clin Infect Dis. 47, 1410-1417.
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Wacharapluesadee S, Hemachudha T. Ante- and post-mortem diagnosis of rabies

using nucleic acid-amplification tests. Expert Rev Mol Diagn. 2010 Mar; .18-207:(2)10
Review. [LANRITLUL 4 ]

Wacharapluesadee S, Phumesin P, Supavonwong P, Khawplod P, Intarut N,

Hemachudha T. Comparative detection of rabies RNA by NASBA, real-time PCR and
conventional PCR. J Virol Methods. 2011 Aug;175(2):278-82. [Lan&13LLuY 5]

Supaporn Wacharapluesadee, Veera Tepsumethanon, Pornpun Supavonwong,
Thongchai Kaewpom, Nirun Intarut, Thiravat Hemachudha. Detection of rabies viral
RNA from non-neural specimens of rabies infected dogs by Tagman real-time RT-

PCR. (submitted for publication) [LaN®1ILLUY 6]
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Patient No. Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
Year 2007 2007 2009 2009 2009 2009
Age (year) 20 50 9 24 29 34
Demographic Bangkok Bangkok Phuket Phuket Phuket Phuket
Gender Female Female Male Male Female Female
Onset of 1 hr after 30 min after 2hrs after 2 hrs after 4 hrs after 2hrs after
symptom meal meal(6 hrs meal(4 hrs meal(4 hrs meal(4 hrs meal(3hrs
(16 hrs prior prior to prior to prior to prior to prior to
to admission)  admission) admission) admission) admission) admission)
Symptoms Perioral/hands Abdominal Diarrhea, Abdominal Diarrhea, Diarrhea,
[feet pain, perioral & pain, perioral  Perioral/hands nausea,
numbness, diarrhea, tongue /legs [feet vomiting,
ataxia, vertigo, perioral numbness, numbness, numbness, abdominal
nausea & numbness, nausea & nausea, nausea, pain,
vomitting nausea & vomiting vomiting vomiting, cramping,
vomitting ,diarrhea abdominal perioral/
pain, cramping hands/feet
numbness
History of Sea bass with  Sea bass with Red Red snapper Red snapper Red snapper
food taking Chinese celery Chinese celery snapper fish curry fish curry fish curry
fish curry
Underlying No Dyslipidemia No No No No
Vital signs Normal Respiratory Hypotension Normal Hypotension Hypotension
failure
Conscious Normal Normal Normal Normal Normal Norma
Neurosigns Normal Horseness of  Not Not Not Not
(improved) voice, significant significant significant significant
quadriparesis
with normal
reflexes
CBC Normal Normal NA NA NA Leukocytosis
Electrolyte Normal Normal NA NA NA NA
Ventilator No Yes No No No No
support
Result Recover in 1 Recoverin 3 Recoverinl Recoverinl Recoverin 1 Recoverin 1

day

days

day

day

day

day
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1. Abhinbhen Saraya, Thiravat Hemachudha, Chirapol Sintunawa, Pornpun Supavonwong,

Kusuma Sawangpun, Supaluk Damrongsheaur, Supaporn Wacharapluesadee. Marine Fish

Ciguatera toxin: Case series report and survey at fish markets in Bangkok. (submitted for

preparation) [LBNRITLUY 7]

2. Chirapol Sintunawa. Epidemic Marine Fish Ciguatoxin: special appraisals on global

warming and climate changes. (submitted for preparation) [LBN&1ILHKU 8]
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Ta39n151 6 Distribution of Rabies Antigen and Inflammatory Response in Furious and

Paralytic Rabies of Canine Origin
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Shuangshoti S, Thepa N, Phukpattaranont P, Ruangvejvoracha P, Jittmittraphap A, Intarut N,
Tepsumethanon V, Wacharapluesadee S, Hemachudha T. Canine furious and paralytic
rabies: pattern differences in rabies antigen and inflammation localization in the central

nervous system (submitted for publication). [LNRITLUL 9]
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Disease Transmission. Vector Borne Zoonotic Dis. 2009 Apr 29. Lan®13llhl 11

Nopvichai C, Sanpavat A, Sawatdee R, Assanasen T, Wacharapluesadee S, Thorner
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Wacharapluesadee S, Hemachudha T. Ante- and post-mortem diagnosis of rabies
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Introduction

Rabies virus is a non-segmented negative-stranded RNA virus. It belongs to order mononegavirales,
family Rhabdoviridae, genus Lyssavirus. Rabies virus is a neurotropic virus, causing fatal neurological
disease. It infects animals mainly through bites contaminated with rabies virus containing saliva. Once
rabies virus enters the wound, it multiplies at muscle cells then travels to central nervous system
(CNS) by retrograde axonal transport.

Genome of rabies virus consists of 11,923 or 11,928 nucleotides, containing a leader
sequence at the 3’ end, followed by five monocistronic genes that encode the nucleoprotein (N),
phosphoprotein (P), matrix protein (M), glycoprotein (G) and RNA transcriptase (L). At the center of
the bullet-shaped virus particle is a core of helical RNA, ribonucleoprotein (RNP), which in turn is
surrounded by a lipid-protein envelope. RNP core consists of single-stranded genome RNA
encapsidated with nucleoprotein N, polymerase cofactor phosphoprotein P and virion-associated RNA
polymerase L. After progeny genome RNA is encapsidated to form RNP structures, M protein binds to
the RNP and condenses into the bullet-shaped structures. Then they interact with trimeric G proteins
anchored in the plasma membrane and assemble into virus particles that bud out of infected cells [1,
2].

Passage of rabies virus obtained from dog brain in heterologous cell types, such as BHK cells,
results in the selection of genotypically and phenotypically different variant from that present in
mouse-brain passage. The latter is more pathogenic for adult mice than the BHK cell passage variant
which grows faster in BHK cells [3]. Serial passages of Street-Albama-Dufferin (SAD) strain resulted
to oral vaccine strain (SAD-B19) [4].

QS05-BHK-P7 is a virus variant obtained from 7 serial passages of QS05 Thai canine street
rabies virus isolated from a rabid dog brain into baby hamster kidney cells (BHK-21). Comparison of
pathogenicity between QS05-BHK-P7 and QS05-SMB-P2, it was found that the former had increased
neurovirulence. It was able to infect adult mice by both intracerebral (IC) and peripheral intramuscular
(IM) chanllenges. Parental strain, QS05-SMB-P2, infected adult mice only by IC route.

In this study, we here reported the phenotypic differences as visualized in BHK-21 cells among
these 3 variants, QS05, QS05-SMB-P2 and QS05-BHK-P7. Greater number and larger size of viral
particles were demonstrated in the case of QS05-BHK-P7 as compared to its counterparts passaged
in neuronal cells. Results of whole genome sequencing and aligned sequences of these 3 variants
were compared. Genetic alteration located at polyadenylation signal between phosphoprotein and
matrix protein intergenic region (IGR) was demonstrated. This may emphasize the significance of IGR

noncoding region in determining neurovirulence and pathogenicity.



Materials and Methods

Viruses and cells

The rabies virus QS-05 strain was directly isolated from the brain of a Thai rabid dog. It was
amplified once in suckling mice brain (SMB) to obtain 20% brain suspension of stock seed virus. This
isolate was then passaged twice in suckling mouse brain, designated as QS-SMB P2, or 7 times in
baby hamster kidney (BHK)-21 cells, designated as QS-BHK-P7.

BHK-21 cells were maintained in Minimum Essential Medium Eagle (MEM) with 10% fetal

bovine serum.

Immunofluorescence staining
BHK-21 cells were infected with QS-05, QS-SMB-P2 or QS-BHK-P7 viruses. One day post
infection, cells were washed twice with phosphate buffer saline, acetone-fixed and stained with FITC

conjugated antibody to rabies nucleoprotein.

Viral Infection of mice

A group of five 6-week-old female mice were inoculated intracerebrally (IC) or intramuscularly
(IM). The clinical disease signs and symptoms were observed daily for at least 4 weeks, and, based
on the percentage of surviving animals in each group; the lethal dose or LD50 was calculated as
previously described.

Whole genome sequencing

Primer design
Primers were designed based on rabies virus strain 8743THA (accession number EU293121)

(Table 1).

RNA isolation and reverse transcription

Total RNA was extracted from brain suspension or cell supernatant using High Pure Viral RNA
Kit (Roche) according to manufacturer's protocol. For reverse transcription, cDNA was synthesized
using 1 ug of total RNA and 1 ul of random primer (Promega) heated at 70 °Cfor5 min, then
immediately chilled on ice for 5 min. The reaction was transferred to ImProm-IITNI Reverse
Transcription reaction tube and incubated at 25 °C for 5 min followed by 42 °C for 1 hour and 70 °C

for 15 min.



Table 1: Primers used in the whole genome sequencing

Primers
Fragment
Sequences Name Length Location as on QS05
CTA CAATGG ATG CCG AC CN1 17 66-82 (F)
1 GGA TTG AC(AG) AAG ATC TTG CTC AT CN4 23 1514-1536 (R )
TTA CTT CTC CGG TGA (GA)AC (GA)AG GAG RabPfor 24 1247-1272 (F)
? GAG G(GA)T TTT TGA GTG TCC TC(GA) TC RabPrev 23 2532-2554 (R )
TGA TCT GAA CCG TTATAC ATC CC RabM (F) 23 2381-2403 (F)
° AAA CAA AAG AGC CTG AGG AAT C RabM (R) 22 3318-3339 (R)
TCT GGT GTATCA ACATGA AC RabG1.2a 20 2998-3016 (F)
¢ GAC TTG GTG GTC ATG ATA GAC RabG1.2b 21 4236-4256 (R)
AGA CCT GTG GAT TTG TGG ACG A RabG1.5a 22 3986-4007 (F)
° GTT CAG CCT CTAACT CGATT RabG1.5b 20 5451-5470 (R)
CTG TGG AAC AGA AGG ACA AT RabL1 F 20 5356-5375 (F)
° CCT GAA CTT CTC TGC CCT CT RabL1 R 20 6341-6360 (R)
CTC CGG TTA TGA AGT CAT TAA AAT RablL2 F 24 6285-6309 (F)
! ACATCT TCT GTT GAC TCC AAC C RabL2 R 22 7289-7310 (R)
GGT TAC ATATGC CTTTCACCT G RabL3 F 22 7239-7260 (F)
° CTC TCC AAG ATC TGG ATT CC RabL3 R 20 8243-8262 (R)
ATC TGG CTG AGC TCC CAT GA RablL4 F 20 8191-8210 (F)
° CTG TAC TTA CGG AGA TAT GAG AGA G RablL4 R 25 9190-9214 (R)
CAA GTC TGC TAG ATA CAG TGA AGG RabL5 F 24 9138-9161 (F)
1 AGA TTC TAA GGT GTC CTC TCC ATG RabL5 R 24 10147-10160 (R)
GCA TGA GAA CTAACC TGC GA RabL6 F 20 10091-10110 (F)
B GCC CTCTGCATCTCACTCTT RabL6 R 20 11119-11138 (R)
GCT GTA CCT CAG ATT CTC CAA G RabL7 F 22 11010-11031 (F)
12 CAG CTA GAG GTT CTGACTTGA G RabL7 R 22 11861-11882 (R)
AGG AGT GAT CTT GTC TCC TTT CN10 21 385-365(R)
3'RACE
CGA CAA GAT TCC ATA ACT GGT CCA G RabN 334R 25 334-355 (R)
RabL
CCG TCT GAC CCC AAGATC TTG A 11389F 22 11389-11410 (F)
RabL
5'RACE
GGC ACT TCA ATA TCT GCT GCA GT 11411F 23 11411-11433 (F)
RabL11463

TGATGTCCC CAG CTT TGC AAG

F

21

11463-11483 (F)




Amplification

Polymerase chain reaction (PCR) was performed using GoFlexiTag DNA polymerase
(Promega) on GeneAmp® PCR System 9700 (Applied Biosystems). Briefly, 10 ul of cDNA was
amplified with 1x PCR buffer, 10 pmol of each primer (forward and reverse), 25 mM MgCl,, 10 mM
dNTP and 1 Unit of Tag DNA polymerase. The cycling profile was as followed; 94 °Cfor5 min, initial
denaturation, followed by 30 cycles at 94 °C for 30s, 55 °C for 30s and 72 °C for 2 min, and final
extension at 72 °C for 10 min. PCR products were confirmed by agarose gel electrophoresis and
visualized by ethidium bromide staining (under UV illumination) with 1 kb DNA marker (Fermentas).
The gels containing expected PCR products were excised and DNA was purified using QIAquick Gel

Extraction Kit (QIAGEN) according to manufacturer’s protocol.

3'and 5' untranslated region (UTR) amplification

3' and 5' end of rabies genome were amplified using 3' RACE System for Rapid Amplification
of cDNA Ends and 5' RACE System for Rapid Amplification of cDNA Ends, version 2.0 (Invitrogen),
respectively. Briefly, 1 ug of total RNA was used in first strand cDNA synthesis along with oligo(dT)-
containing adapter primer, SuperScriptTNI Il RTand reaction buffer. 2 ul of cDNA was then added to
PCR reaction containing Abridged Universal Amplification Primer (AUAP) and CN10 reverse primer.
Heminested PCR was performed using PCR product and AUAP and RabN334R (reverse primer),
cycling profile as described above.

For 5' RACE, first strand cDNA was synthesized from total RNA using RabL11389 forward
primer, gene-specific primer (GSP1), and SuperScriptWI Il RT. The RNase Mix was added to remove
mRNA template. Next, the homopolymeric tail was added to the 3'-end of cDNA using TdT and dCTP
following the separation of cDNA from unincorporated dNTPs, GSP1 and proteins by S.N.A.P Column.
The dC-tailed cDNA was amplified using AUAP and RabL11411 forward primer. Heminested PCR
was performed using PCR product and AUAP and RabL11463 forward primer, cycling profile as

described above.

Indirect sequencing (TA cloning of full-length PCR products)
The G1.2 and G1.5 PCR fragments were obtained from 1 ug of cDNA with RabG1.2a and
RabG1.2b, and RabG1.5a and RabG1.5b, respectively. The second round PCR was performed using

the combination of G1.2 and G1.5 as template with RabG1.2a and RabG1.5b primers. PCR products
were cloned into pGEM-T © easy vector system (Promega). Twenty white colonies were picked up
and the purification of plasmids was performed using Nucleospin © Plasmid (Macherey-Nagel). The

purified plasmids were sequenced.



Sequencing
Purified DNAs or plasmids were commercially sequenced (1St Base, Malaysia).

Sequence alignment and Analysis

The sequences were analyzed using Chromas, multiple sequence alignment was performed

using ClustalW. The identity of nucleotide and amino acid were performed using GENEDOC.

Results

Passages of canine street rabies virus in non-neuronal and neuronal (SMB) cells yielded in
vitro (BHK-21 infected cells) and in vivo phenotypic differences

Immunofluorescent staining of rabies viral nucleoprotein was performed 1 day post infection.
Tiny dot-like immunofluorescent staining viral particles were observed in both QS-05 and QS05-SMB-
P2 infected cells, the latter being slightly increased in numbers and size in the cytoplasm. Large viral

particles of greater number were demonstrated in QS05-BHK-P7 infected cells (Figure 1).

QS-05 > SMB-P2

Y BHK-P7

Figure 1 morphological difference under microscopy

To study whether neuronal and non-neuronal cell passaged viruses have different pathogenicity, QS-
05, SMB-P2 and BHK-P7 viruses were injected IC and IM to group of mice. The differences in
susceptibility to lethal infection among these 3 viruses were demonstrated (Figure 2). Parental QS-05
strain could cause death only by IC inoculation. This was similar in the case of neuronal-adapted
strain, QS05-SMB-P2. Increased neurovirulence was observed in non-neuronal adapted strain, QS05-
BHK-P7. Following IC or IM inoculation, BHK-P7 caused a 100% mortality rate. Virulence of BHK-P2

could not be determined due to insufficient viral amount.



Qs05 QS-SMB-F2 QS-BHK-P7

Peripheral susceptibility index

(IC LD,,/IM LD,

QS-05 10° no death(5/5) -

QS-SMB-P2 10° no death(5/5) 0.006

QS-BHK-P7 10 10°% 0.079

Figure 2 Comparison of pathogenicity

Sequence organization of whole genome

Three viral strains, QS-05, QS-SMB-P2 and QS-BHK-P7, were subjected to whole genome
sequencing. All three strains of rabies viruses were 11,923 base pairs consisting of five coding
regions, nucleoprotein 71-1423, phosphoprotein 1515-2408, matrix protein 2496-3104, glycoprotein
3316-4896 and RNA-dependent RNA polymerase 5407-11793. The first 58 base pairs were 3'
untranslated region (UTR) or leader and the last 70 base pairs were 5'UTR or trailer sequences.
Intergenic region (IGR)s located at each gene junction were 2, 5, 5, 24 base pairs, respectively.

As shown in Table 2, we found that there were 2 nucleotides changes in nucleoprotein, one
silent mutation, 898C>T, and one missense mutation, 994G>C which caused amino acid substitution,
A332P (alanine to proline), in QS-SMB-P2 comparing to QS-05 and QS-BHK-P7. The identity of
nucleotide and amino acid was 99% (data not shown). There was no mutation among these three
strains in P and M genes. We found 2 missense mutations, located both in the ectodomain of
glycoprotein in QS-BHK-P7, causing 2 amino acid substitutions, S23R (serine to arginine) and H424P

(histidine to proline). The identity of QS-BHK-P7 at nucleotide and amino acid levels was 99% as



compared to other two strains (data not shown). One missense mutation, 6352A>G resulted in K316E
(lysine to glutamate), and two silent mutations, 6351G>A and 6354G>A, were observed in QS-SMB-
P2 of RNA-dependent RNA polymerase (L gene). One missense mutation, 10537A>G resulted in
11711V (isoleucine to valine), and silent mutation, 9189C>T, were found in QS-BHK-P7. Gene
junctions of QS-05 and QS05-SMB-P2 were identical. One point mutation, 2475A>G, located at non-
coding region between P and M genes of QS-BHK-P7. This mutation lay at the 7th adenine residue of
polyadenylation sequence. The identity of nucleotides between all 3 strains and 8743THA, Thai street

strain, was 98%. No mutation was found in leader and trailer sequences.

Table 2 Nucleotide and amino acid changes of SMB-P2 and BHK-P7 in comparison to QS05

Nucleotide Amino acid
Position Amino acid Gene
SMB-P2 BHK-P7 SMB-P2 BHK-P7
1-70 Leader - - - -
898C>T
71-1423 450 N - -
994G>C A332P
1424-1514 inter N-P - - - -
1515-2408 297 P - - - -
2509-2495 inter P-M - 2475A>G - -
2496-3104 202 M - - - -
3105-3315 inter M-G - - - -
3441T>G S23R
3316-4890 524 G - -
4643A>C H424P
4891-5406 pseudogene - - - -
6351G>A 9189C>T
5407-11793 2128 L 6352A>G 10537A>G K316E 1711V
6354G>A
11794-11923 Trailer - - - -

Genetic diversity of glycoprotein gene

To determine whether the amino acid substitution at positions 23 and 424 of G protein was the
result of viral quasispecies or the adaptation to the new environment, indirect sequencing of QS-05
and QS-BHK-P7 clones of G gene was performed. In QS-05, all 20 clones were identical in
nucleotide sequences with no amino acid substitution at positions 23 and 424. All 20 clones of QS-
BHK-P7, had amino acid substitution, S23R, located at the ectodomain of rabies glycoprotein. This

amino acid substitution at position 23 of glycoprotein could also be found in mouse brain-adapted




rabies virus, challenge virus standard (CVS)-24, that had been passaged in BHK-21 cells (CVS-B2c).
Therefore, this substitution might represent the adaptation in non-neuronal cells. We found H424P
(histidine to proline) substitution in 19 out of 20 clones of BHK-P7. One clone had proline at position

424 as in QS-05 and QS-SMB-P2.



Discussion

We showed here that adaptation of dog virus variant in non-neuronal cell line resulted in
morphologic appearance of viral particles as examined by fluorescent antibody staining of infected
BHK cells. Viral particles (QS05-BHK-P7) in cytoplasm appeared larger in size and increased in
number; this became obvious by 7th passage. Further, QS05-BHK-P7 was able to cause mortality in
adult mice by both IC and peripheral IM challenges whereas parental strain QS05 as well as its
neuronal adapted strain, QS-SMB-P2 could only by IC route.

Such finding was intriguing since rabies viral pathogenicity usually became attenuated
following passages in non-neuronal cell. These included SAD-B19 (oral vaccine strain) [passages of
SAD (Street-Albama-Dufferin) strain in BHK cells] [4], CVS-B2c (CVS-N2c in non-neuronal cells, BHK-
21 cells) [3]. The latter contained S23R mutation in glycoprotein gene; with higher replication rate than
parental strain. CVS-B2c was less neurotropic both in vitro and in vivo comparing to CVS-N2c.
Nishigahara stain was derived from the original Pasteur stain before 1915, had divergence at
noncoding pseudogene region [5]. It was serially passaged through several kinds of animals and cell
cultures and was used as seed strain for animal vaccine production. Non-pathogenic Ni-CE was
resulted from Nishigahara strain after passages in chicken embryo fibroblast cells [6].

Alteration of viral transcription/replication, budding and immune evasive mechanism and
spreading can affect the pathogenicity of virus [7-12]. This has been clearly demonstrated by
modification of rabies viral gene(s) by reverse genetic technique [1, 2,13]. Higher replication rate and
degree of apoptosis are inversely correlated and how well that the virus can evade immune system is
directly correlated with pathogenicity [8,14-16]. Enhancement of neuroinvasiveness following IM
inoculation has been observed after replacement of G or G and M genes of SAD-B19 with those of
silver-haired bat-associated rabies virus strain 18 (SHBRV-18) [15].

Homeostasis in rabies virus replication/transcription is balanced by interaction between N, P
and L genes. Failure to phosphorylate N resulted in the reduction of replication and transcription
[9,17]. Overexpression of L gene resulted in enhanced RNA replication and virus titer. Such
imbalanced protein expression also resulted in degree of cytopathic effect of infected cells expression
[7]. Multifunctional M protein can regulate the transcription and replication. By attenuation of M
expression, by shifting M gene to downstream L gene, lower replication level can be acheived [8]. As
previously mentioned, Ni-CE was derived from Nishigahara strain. Clear cytopathic effect in mouse
neuroblastoma cells has been clearly demonstrated after infection with Ni-CE but not with parental
Nishigahara strain infection. Matrix protein of Ni-CE stain has a single amino acid substitution at
position 95. This is a cytopathic determinant in mouse neuroblastoma cells [6]. Apoptosis also partly
plays role in this.

Budding of rabies virus occurs at plasma membrane of the host cells. This process requires
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glycoprotein and matrix protein expression. Although recombinant SAD-L16 strain (lacking of the
entire G gene) could produce a non-infectious spike-less virion, virus release was decreased by 30-
fold. M-deleted mutant has been shown to increase G expression at infected-cell surface with a
drastic decrease in infectious virion [18].

Evasion of host immune response is one of the important characteristic of pathogenic rabies
virus. This is influenced by both glycoprotein expression and sequence. An inverse relationship
between pathogenicity and the amount of glycoprotein produced in infected cells has been
documented. Comparing to the pathogenic SHBRYV strain, the attenuated rabies virus strain,
laboratory-adapted virus B2c, expressed higher glycoprotein level and triggered greater immune
response [14]. A reshuffled Evelyn-Rokitnicki-Abelseth (ERA) rabies virus with the G gene switched
with the M gene (N-P-G-M-L versus N-P-M-G-L of parental strain) conferred higher G expression
according to the transcription gradient mechanism and resulted in less virulent phenotype comparing
to parental strain [19].

Expression level of the G gene is not sufficient in attenuating pathogenicity [20, 21].
Sequences within the G gene also play role in determining the virulence of the virus. Recombinant
nonpathogenic live rabies virus vaccine which has two G genes with Arg333Glu is able to control
Asn194Lys mutation. Mutation at position 194 is associated with a reversion to the pathogenic
phenotype [20]. Recombinant viruses with glycoprotein sequence unaltered from highly pathogenic
wild type parental strain but with 2-3 folds more of the glycoprotein expression remain pathogenic
[21].

Recently, ERA strain of rabies virus has been demonstrated to encode a carboxyl-terminal
PDZ domain-binding motif within cytoplasmic domain of G gene that interacts with cellular PDZ
proteins; serine-threonine kinases, MAST1 and MAST2 [16, 22]. These cellular protein targets control
neuronal survival which promotes spreading and virulence of rabies virus. Only single amino acid
change in this domain triggered apoptotic death of infected neurons resulted to attenuation of rabies
virus. However, the difference in the degree of pathogenicity between QS-05 and QS05-BHK-P7
strains should not be explained by alteration of functional cellular PDZ proteins, since both of them
share identical sequences of cytoplasmic G domain.

Both mutations at G gene ectodomain should not be responsible for an increased
neurovirulence of QS05-BHK-P7. Amino acid substitution located at position 23 of glycoprotein gene
has already been shown to be the non-neuronal adaptation marker of CVS-adapted strain, CVS-B2C,
with attenuated pathogenicity [3]. This finding was consistent with the indirect sequencing result of all
20 colonies of QS05-BHK-P7 that possessed S23R mutation. Owing to the lack of supporting study,

the impact of the aother mutation, H424P, on pathogenicity is still unknown.
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The mutations in L gene are intriguing. D1671V mutation within domain VI and G1481R
between domains V and VI of vesicular stomatitis virus (VSV) L protein inhibited viral mMRNA cap
methylation and further reduced transcription and replication in vitro [23,24]. In the case of Sendai
virus, alanine substitution at charged residues in conserved domain Ill affected viral protein stability
and might attenuate pathogenicity [25]. Abrogation of polymerase activity in rabies virus was
accomplished by altering the GDN motif in motif C [26]. However, replacement of L gene of
pathogenic strain, SHBRV-18, with vaccine strain, SAD-B19, did not alter pathogenicity of the
recombinant virus [27]. Besides, one amino acid substitution in L gene which was found following 4th
passage of SAD-B19 strain in foxes did not affect the virulence in vivo [28]. Thus, the importance of
synonymous and nonsynonymous mutations in polymerase (L) gene of QS05-BHK-P7 (both of which
not residing in 6 documented functional domains) on virulence is still inconclusive.

Non-coding sequences located between coding gene regions or IGR has been reported to
play role in viral pathogenicity and gene expression. Transcription gradient occurs as a result of the
dissociation of polymerase complex when it reaches transcription stop signal between each gene
junction in rabies [29]. Re-initiation of downstream gene transcription, therefore, is lower than the
predecessor at approximately 30%. The IGR length has impact on rabies gene expression.
Overexpression of polymerase gene was achieved by replacing G/L (24 nucleotides) with N/P (2
nucleotides) IGR [7]. Relocation of M with G gene in ERA recombinant virus resulting in increased
glycoprotein expression and attenuated phenotype [19]. This emphasized the importance of the gene
order. The sequences per se involved in viral virulence. In the case of VSV, mutation of the intergenic
dinucleotide sequences increased read-through mechanism across the P/M gene junction [30].
Deletion of conserved AUACU; sequences, polyadenylation signal of VSV, resulted in the loss of
transcription termination of upstream transcripts [31]. Seven U residues was the minimum number
required for transcription termination of upstream mRNA. The shortened or complete deletion of U7
tract or nucleotide substitution at the 7thU of U7 tract gave rise to the readthrough transcripts [32].

We hypothesize that A>G mutation at the 7thpolyadenylation sequence located between P and
M gene junction may cause the read-through mechanism with the consumption that glycoprotein of
QS05-BHK-P7 strain is well adapted to support the spread of the virus. Owing to the transcription
gradient and the read-through mechanism of polymerase across P/M IGR, we hypothesize that this
may lead to attenuation of matrix protein expression but may increase in glycoprotein expression in
QS05-BHK-P7 strain. The former should have an impact on viral budding, transcription/replication and
immune evasive strategy that overcome the effect of over-expression of glycoprotein. The precise
mechanism on how these mutations involved in the increased virulence of non-neuronal adapted

strain remains to be further elucidated.
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Abstract

Reduction of inhibitory neurons have been observed in cerebral cortex of mice
experimentally infected with rabies virus, and in some human psychiatric and
neurological diseases such as schizophrenia and epilpesy. To investigate the possible
role of inhibitory neurons in the contribution of paralytic and furious symptoms in
rabies, postmortem examination of the brain was performed in 15 rabies infected dogs
(8 furious and 7 paralytic cases). Parvalbumin-positive neurons were countered at
several brain regions, including neocortex (frontal, parietal, temporal, and occipital
lobes), caudate nucleus, thalamus and hippocampus. Significant difference in the
number of inhibitory neurons between the two clinical forms of rabies was found only
at the frontal cortex where greater number of inhibitory neurons was observed in the
furious canine. It remains to be further investigated whether or not the inhibitory

neurons in both forms of rabies carry the same rate of rabies viral infection.

Keywords: Rabies, furious rabies, paralytic rabies, inhibitory neuron, parvalbumin



Introduction

Rabies is an almost universally fatal infectious disease of the central nervous system
(CNS), caused by a neurotropic RNA virus of genotype 1 in the family
Rhabdoviridae, genus Lyssavirus [1]. The worldwide number of rabies deaths as
estimated by the World Health Organization survey in 1998 was 55,000 annually,
with the highest incidence found in Asia [2]. Based on the recent report in Thailand,
about 21 patients (0.03 per 100,000 population) die of rabies each year in Thailand
[3].

In humans and dogs, rabies can manifest either as furious or paralytic forms.
Limbic symptoms dominate the clinical picture in the former, whereas paralysis of
lower motor neuron type is the salient feature of the latter [4]. The ratio between
furious and paralytic rabies in human cases is approximately 3: 1 [5]. Furious rabies
patients tend to die faster (average within 5.7 days compared to 11 days in paralytic
form) [4]. The mechanisms contributing to the two distinct clinical forms remain
poorly understood.

CNS neurons are divided into two main subgroups, excitatory (~80%) and
inhibitory (~20%) neurons. The former uses glutamate as a key neurotransmitter
while the other uses GABA (gamma-aminobutyric acid). Reduction of inhibitory
neurons was demonstrated in the prefrontal cortex of schizophrenic brains [6, 7] and
in the temporal lobe of epilepsy [8, 9].

Studies of inhibitory neurons in rabies have been sparse, and were done only in
mice [10-12]. Significant reduction of inhibitory neurons in the cerebral cortex was
found in mice experimentally infected with rabies [10], suggesting the role of
inhibitory neurons in rabies encephalitis. Since mice do not have the 2 clinical
symptoms (furious and paralytic) as observed in human and dog, the current study
was conducted to determine whether the inhibitory neuron was affected equally or not

between the furious and paralytic rabid dogs.



Materials and Methods

Animals

15 naturally rabies-infected dogs (8 furious and 7 paralysis) were enrolled in the
study. Each animal was observed for rabies signs at the quarantine and diagnostic unit
of the Queen Saovabha Memorial Institute. The diagnosis was confirmed by
identification of rabies viral RNA in saliva by nucleic acid sequence-based
amplification (NASBA) [13]. Categorization of canine furious or paralytic rabies was
based on the following clinical features: aggression and biting behavior in furious,
and hind limb paresis with none or only mild degree of aggression in paralytic rabies

[14].

Collection of samples and tissue preparations

All brains were fixed with 10% buffered formalin. The regions studied included
neocortices (frontal, parietal, temporal, and occipital regions), caudate nucleus,
thalamus and hippocampus. One section was taken from each brain and brainstem
regions. All specimens were routinely processed and embedded in paraffin wax. Four-
micrometer-thick sections of all paraffin blocks were stained with hematoxylin and
eosin. Standard indirect immunohistochemical method was carried out by automated
stainer (Ventana Benchmark LT, Tucson, USA), using anti-parvalbumin antibody
(Abcam, Canbridge, UK, at dilution of 1: 100,000) as an inhibitory neuronal marker.

Negative control was performed by omission of the primary antibody.

Analysis of parvalbumin-positive neurons

Parvalbumin-positive neurons were viewed under a light microscope (Olympus,
BX41TF, Japan) at 400x magnification (high-power field, HPF). All positive neurons
in 10-20 consecutive HPF were manually counted. Analysis was performed blind to

the clinical data.

Statistical analysis

Number of parvalbumin-positive neurons at each brain region was compared between
the furious and paralytic groups of rabid dogs using the Mann-Whitney U test for a
two-tailed test. Statistical analyses were performed using Statistical Package for
Social Science software (SPSS wversion 17.0, SPSS Inc., Chicago, IL, USA).

Statistical significance was considered when p < 0.05.



Results

In the cerebral cortex of paralytic rabies (Table 1), parvalbumin-positive neurons were
mostly frequently found in the occipital, followed by the parietal, frontal, and
temporal cortices. In furious rabies, parvalbumin-positive neurons were most
populated also in the occipital cortex, followed by the frontal, parietal, and temporal
cortices. The midline structures (thalamus, caudate, and hippocampus) contain few
inhibitory neurons in both clinical forms. When the number of parvalbumin-positive
neurons was compared between the paralytic and furious rabies, significant difference
was observed only at the frontal cortex, 7.31 + 3.21 positive neurons per HPF for

furious and 3.95 £ 2.23 for paralytic rabies (p=0.029).

Table 1. Distribution of parvalbumin-positive neurons in various brain regions in

canine paralytic and furious rabies

Brain Regions Paralyic rabies Furious Rabies
(N=7) (N=8)
Parv-positive neurons/HPF  Parv-positive neurons/HPF

(Mean = SD) (Mean = SD) p-value
Frontal lobe 3.95+2.23 7.31+£3.21 0.029
Temporal lobe 0.79+0.78 4.02 £3.36 0.054
Parietal lobe 6.64 +3.54 6.70 = 2.69 0.955
Occipital lobe 16.06 + 6.65 16.20 +3.40 0.694
Thalamus 0.14+0.38 0.11+0.18 0.397
Hippocampus 0.13+0.16 0.05+0.53 0.536
Caudate nucleus 0.96+ 1.2 0.71 £0.78 0.955

Parv = Parvalbumin, HFP = high-power field, SD = standard deviation



Discussion

The basic mechanism of furious or paralysis symptoms in human and canine rabies
remains unknown. The observation that the same rabid dog transmitted paralytic
rabies to one and furious to another may suggest differential response of host [15].
Sequence analysis of glycoprotein (G), nucleoprotein and phosphoprotein genes of
rabies virus isolated from human patients and dogs with furious and paralysis did not
show any specific pattern [16]. Study of genetic diversity of the G gene of rabies virus
within a single rabies infected dog by comparing the cloned sequences in the virus
population showed closely related heterogeneous populations with minor substitutions

at nucleotide and amino acid levels [17].

Although previous magnetic resonance imaging (MRI) studies in human rabies
patients revealed no differences between both clinical forms [18], our recent study in
canine rabies at the early stage of disease has shown otherwise [19]. Abnormal lesion
localization was similar in both clinical forms at the inferomedial temporal lobes,
hippocampi, hypothalami, brainstem, and upper spinal cord; however, it was more
pronounced in paralytic cases particularly at the brainstem. Nevertheless, the
neuroimaging and neuropathological findings do not explain the furious or paralytic

symptoms.

Role of inhibitory neurons in rabies encephalitis has been suggested by
demonstration of reduced inhibitory neurons in the cerebral cortex of mice
experimentally infected with rabies virus [10-12]. Interestingly, reduction of
inhibitory neurons was also observed in human diseases such as schizophrenia and
epilepsy [6-9]. We, therefore, hypothesized whether the reduction of inhibitory
neurons could explain the furious or paralytic symptoms in rabies. Based on our
results, significant difference was only found at the canine frontal cortex where
greater number of inhibitory neurons was observed in furious rabies. It, however,
remains to be further investigated if the inhibitory neurons show different or
comparable rate of rabies viral infection by double-labeling (rabies viral antigen and

parvalbumin) immunohistochemical study.

In conclusion, the number of inhibitory neurons is generally comparable in
canine paralytic and furious rabies, except for the frontal lobe where greater number

of inhibitory neurons was demonstrated in furious form. It remains to be investigated



whether or not the inhibitory neurons in both forms of rabies carry the same rate of

rabies infection.
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ABSTRACT

Paralytic and furious forms are unique clinical entities of rabies in humans and dogs.
However, molecular mechanisms underlying these disorders remained unclear. We
investigated changes in proteomes of hippocampus, brainstem and spinal cord of paralytic
and furious dogs naturally infected with rabies compared to non-infected controls. Proteins
were extracted from these tissues and analyzed by two-dimensional gel electrophoresis (2-
DE) (n=6 gels/region in each group, a total of 54 gels were analyzed). From >1,000 protein
spots visualized in each gel, spot matching, quantitative intensity analysis and ANOVA with
Tukey’s post-hoc multiple comparisons revealed 32, 49 and 67 protein spots that were
differentially expressed among the three clinical groups in hippocampus, brainstem and
spinal cord, respectively. These proteins were then identified by quadrupole time-of-flight
mass spectrometry and tandem mass spectrometry (Q-TOF MS and MS/MS), including anti-
oxidants, apoptosis-related proteins, cytoskeletal proteins, heat shock proteins/chaperones,
immune regulatory proteins, metabolic enzymes, neuron-specific proteins,
transcription/translation regulators, ubiquitination/proteasome-related proteins, vesicular
transport proteins, and hypothetical proteins. Among these, 13, 17 and 41 proteins in
hippocampus, brainstem and spinal cord, respectively, significantly differed between
paralytic and furious forms, and thus may potentially be biomarkers to differentiate these two
distinct forms of rabies. In summary, we report herein for the first time a large dataset of
changes in proteomes of hippocampus, brainstem and spinal cord in dogs naturally infected
with rabies. These data will be useful for better understanding of molecular mechanisms of

rabies and for differentiation of its paralytic and furious forms.



INTRODUCTION

Rabies remains an important public health problem in some regions as the fatal
outcome is expected to almost all cases once symptoms and signs develop. Only three
survivors with no or non-significant complications have been reported, all of which were
associated with bat variants.'> Comparing between dog- and bat-related rabies, patients who
are associated with dog variants exhibit more unique clinical manifestations, including
paralytic and furious forms. Also, lesser degree of immune response to rabies virus has been
shown in dog-associated cases.* None of the patients with dog-associated rabies in Thailand,
Cambodia and Africa had positive test for rabies antibody in cerebrospinal fluid (CSF).>
Additionally, the detection of antibody against rabies virus in serum is also unpredictable in
dog-associated cases. In contrast, CSF and serum levels of anti-rabies antibody appear to be
correlated with duration of survival in bat-associated cases.’

Comparing the two unique forms of rabies, different anatomical involvements of the
nervous system have been shown in patients with paralytic versus furious rabies. In paralytic
form, peripheral nerve axonopathy or myelinopathy, not the defect of motor neuron in spinal
cord, is responsible for muscle weakness.® In furious form, although anterior horn cells of
spinal cord are affected, clinical deficits from these defective cells are not found and their
defects can be detected only by electrophysiological investigations.® Innate immune response
in the brain of paralytic dogs have been detected with greater degree as compared to that of
furious dogs, and is inversely correlated with viral amount in the brain.’ Also, disturbance of
magnetic resonance imaging (MRI) signals of the brain in paralytic is greater than that of
furious rabies-infected patients and dogs.” The faster time to death is another characteristic of
furious rabies. Despite dissimilarity of clinical manifestations, imaging features, clinical
courses and the amount of viral load in the brain, they share similar pathologies of the central

nervous system (CNS), including scant inflammation.*™'°



Lack of apoptosis in the CNS has been shown to be a marker for virulence of wild-
type or street rabies virus in order to escape immune recognition and to facilitate spreading.“'
' In contrast, fixed virus, such as the challenged virus standard (CVS) strain, induces marked
degree of apoptosis in the infected neurons.'”?° Intriguingly, neurons of different regions
display diverse degrees of resistance to cell death. It has been demonstrated that motor
neurons of spinal cord resist to apoptosis and cytolysis, and remain functioning several days
after CV'S infection.”' However, hippocampal neurons become apoptotic shortly after the
infection.?! Midline CNS structures, i.e. thalamus, brainstem, basal ganglia and spinal cord,
have been shown to be preferentially infected with rabies in both humans and dogs.”'**
Therefore, the survival of neurons may depend not only on the viral strain but also on
differential site-specific responses.

Despite the aforementioned knowledge on rabies, its molecular mechanisms remained
unclear. We therefore performed a proteomic study of three regions of the CNS, including
hippocampus, brainstem and spinal cord, of dogs naturally infected with rabies. Proteins were
extracted from CNS tissues obtained from paralytic and furious dogs and then subjected to
proteomic analysis using two-dimensional gel electrophoresis (2-DE) compared to the non-

infected controls.



MATERIALS AND METHODS

Sample collection

The CNS tissues were taken from rabies-infected paralytic (n = 3) and furious (n = 3)
dogs, as well as non-infected controls (n = 6). Each animal was observed at the Quarantine
and Rabies Diagnostic Unit of the Queen Saovabha Memorial Institute (QSMI). The animals
were suspected of having furious or paralytic rabies according to criteria previously
reported.” The animals died naturally without receiving any supportive treatment. From each
animal, three locales of the CNS tissues, including hippocampus, brainstem (midbrain, pons

and medulla) and spinal cord were taken and were saved at -70°C until used.

Immunoperoxidase staining of rabies antigen

The diagnosis of rabies was confirmed by the presence of rabies antigen in the CNS
tissues. Paraffin-embedded sections of formalin-fixed tissues (3-um-thick) were stained with
anti-rabies nucleocapsid polyclonal antibody (Bio-Rad; Marnes-la-Coquette, France) at a
dilution of 1:80. After rinsing with PBS, the sections were incubated with respective
secondary antibody conjugated with horseradish peroxidase in the DAKO EnVision™-
System kit (DAKO Corporation; CA) for 30 min. The slides were then washed with PBS and
incubated for 10 min with a peroxidase substrate containing 0.5 mg/ml diaminobenzidine
(Sigma; St. Louis, MO), 30% H,0O, and 1 M imidazole in Tris-HCI buffer. After rinsing by

tap water, the tissues were counterstained with hematoxylin.

Protein extraction
The tissues were briskly frozen in liquid nitrogen, ground to powder, resuspended in a
buffer containing 7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl) dimethyl-ammonio]-1-

propanesulfonate (CHAPS), 120 mM dithiothreitol (DTT), 2% (v/v) ampholytes (pH 3-10)



and 40 mM Tris-base, and incubated at 4°C for 30 min. Unsolubilized nuclei, cell debris, and
particulate matters were removed by a centrifugation at 10,000 rpm, 4°C for 5 min. Protein

concentrations were determined by the Bradford method using Bio-Rad protein assay (Bio-

Rad Laboratories; Hercules, CA).

Two-dimensional gel electrophoresis (2-DE)

For the controlled group, each gel was derived from each sample (n = 6 gels/region).
For the paralytic and furious groups, duplicated 2-D gels were derived from each sample to
have 6 gels/region in each group. Overall, a total of 54 gels were analyzed in this study. For
each 2-D gel, Immobiline DryStrip (non linear pH gradient of 3-10, 7 cm long; GE
Healthcare, Uppsala, Sweden) was rehydrated overnight with an equal amount of 150 pg total
protein that was premixed with a rehydration buffer containing 7 M urea, 2 M thiourea, 2%
CHAPS, 2% (v/v) ampholytes (pH 3-10), 120 mM DTT, 40 mM Tris-base, and bromophenol
blue (to make the final volume of 150 pl per strip). The first dimensional separation or
isoelectric focusing (IEF) was performed in Ettan IPGphor III System (GE Healthcare) at
20°C, using a stepwise mode to reach 9,083 Vh with limiting current of 50 mA/ strip. After
completion of the IEF, the strips were first equilibrated for 15 min in an equilibration buffer
containing 6 M urea, 130 mM DTT, 112 mM Tris-base, 4% SDS, 30% glycerol and 0.002%
bromophenol blue, and then in another similar buffer that replaced DTT with 135 mM
iodoacetamide, for further 15 min. The second dimensional separation was performed in 12%
polyacrylamide gel using SE260 Mini-Vertical Electrophoresis Unit (GE Healthcare) at 150V
for approximately 2 h. The resolved protein spots were stained with SYPRO Ruby
fluorescence dye (Invitrogen/Molecular Probes; Eugene, OR) overnight and then visualized

using Typhoon 9200 laser scanner (GE Healthcare).



Spot matching and quantitative intensity analysis

Image Master 2D Platinum software (GE Healthcare) was used for matching and
analysis of protein spots in 2-D gels. Parameters used for spot detection were (i) minimal area
= 10 pixels; (i1) smooth factor = 2.0; and (ii1) saliency = 2.0. A reference gel was created
from an artificial gel combining all of the spots presenting in different gels into one image.
The reference gel was then used for determination of existence and difference of protein
expression between gels. Background subtraction was performed and the intensity volume of
each spot was normalized with total intensity volume (summation of the intensity volumes

obtained from all spots within the same 2-D gel).

Statistical analysis

All the quantitative data are reported as mean = SEM. Intensity volumes of individual
spots matched across different gels were compared among groups by multiple comparisons
using one-way analysis of variance (ANOVA) with Tukey’s post-hoc test (SPSS; version
13.0). P values less than 0.05 were considered as statistical significant. Significantly differed
protein spots were subjected to in-gel tryptic digestion and identification by mass

spectrometry.

In-gel tryptic digestion

All the protein spots whose intensity levels significantly differed among groups were
excised from 2-D gels, washed twice with 200 pl of 50% acetonitrile (ACN)/25 mM
NH4HCOj; buffer (pH 8.0) at room temperature for 15 min, and then washed once with 200 pl
of 100% ACN. After washing, the solvent was removed, and the gel pieces were dried by a
SpeedVac concentrator (Savant; Holbrook, NY) and rehydrated with 10 pl of 1% (w/v)

trypsin (Promega; Madison, WI) in 25 mM NH4HCOs. After rehydration, the gel pieces were



crushed and incubated at 37°C for at least 16 h. Peptides were subsequently extracted twice
with 50 pl of 50% ACN/5% trifluoroacetic acid (TFA); the extracted solutions were then
combined and dried with the SpeedVac concentrator. The peptide pellets were resuspended
with 10 pl of 0.1% TFA and purified using ZipTipcis (Millipore; Bedford, MA). The peptide
solution was drawn up and down in the ZipTipcs ten times and then washed with 10 pl of
0.1% formic acid by drawing up and expelling the washing solution three times. The peptides

were finally eluted with 5 pl of 75% ACN/0.1% formic acid.

Protein identification by Q-TOF MS and MS/MS analyses

The trypsinized samples were premixed 1:1 with the matrix solution containing 5
mg/ml a-cyano-4-hydroxycinnamic acid (CHCA) in 50% ACN, 0.1% (v/v) TFA and 2%
(w/v) ammonium citrate, and deposited onto the 96-well MALDI target plate. The samples
were analyzed by Q-TOF Ultima™ mass spectrometer (Micromass; Manchester, UK), which
was fully automated with predefined probe motion pattern and the peak intensity threshold
for switching over from MS survey scanning to MS/MS, and from one MS/MS to another.
Within each sample well, parent ions that met the predefined criteria (any peak within the m/z
800 — 3,000 range with intensity above 10 count * include/exclude list) were selected for CID
MS/MS using argon as the collision gas and a mass dependent £+ 5 V rolling collision energy
until the end of the probe pattern was reached. The MS and MS/MS data were extracted and
outputted as the searchable .zxt and .pkl files, respectively, for independent searches using the
MASCOT search engine (http://www.matrixscience.com), assuming that peptides were
monoisotopic. Fixed modification was carbamidomethylation at cysteine residues, whereas
variable modification was oxidation at methionine residues. Only one missed trypsin
cleavage was allowed, and peptide mass tolerances of 100 and 50 ppm were allowed for

peptide mass fingerprinting and MS/MS ions search, respectively.



RESULTS

We investigated changes in tissue proteomes of hippocampus, brainstem and spinal
cord of paralytic (n = 3) and furious (n = 3) dogs naturally infected with rabies compared to
the non-infected controls (n = 6). Rabies infection was confirmed in paralytic and furious
dogs by positive immunoperoxidase staining of rabies nucleocapsid protein in their CNS
tissues (as illustrated in brown in Figure 1). Proteins were extracted from these tissues and
analyzed by 2-DE (n = 6 gels/region for each group, with or without replication of individual
samples; a total of 54 gels were analyzed). From >1,000 protein spots visualized in each gel,
spot matching, quantitative intensity analysis and ANOVA with Tukey’s post-hoc multiple
comparisons revealed 32, 49 and 67 protein spots that were differentially expressed among
the three clinical groups in hippocampus (Figure 2), brainstem (Figure 3) and spinal cord
(Figure 4), respectively. These differentially expressed proteins were then identified by Q-
TOF MS and/or MS/MS analyses. There mass spectrometric data (identities, identification
scores, sequence coverage, number of matched peptides, isoelectric point or pl, molecular
weight or MW, etc.), quantitative intensity data, and p values obtained from ANOVA as well
as Tukey’s post-hoc multiple comparisons are summarized in Supplementary Tables S1-S3,
respectively.

These identified proteins were classified into 11 main categories, namely anti-
oxidants, apoptosis-related proteins, cytoskeletal proteins, heat shock proteins/chaperones,
immune regulatory proteins, metabolic enzymes, neuron-specific proteins,
transcription/translation regulators, ubiquitination/proteasome-related proteins, vesicular
transport proteins, and hypothetical proteins (Figure 5). Among these, the top three of most
changes (in term of number of differentially expressed proteins in each functional category)
were metabolic enzymes (32%), vesicular transport (20%) and cytoskeletal proteins (15%),

respectively (Figure 5). Some proteins were identified as more than one form of the same
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protein. For example, annexin A2 was identified from spots #1215 and #1408 derived from
spinal cord with a slight difference of their molecular masses in the 2-D proteome map (spot
#1215 had a slightly greater molecular mass) (Figure 4). Similarly, annexin A6 was
identified from both hippocampus (spot #258) and brainstem (spot #246) with a slight
difference of their molecular masses in the 2-D proteome map (spot #258 had a slightly
greater molecular mass) (Figures 2 and 3). These were most likely due to post translational
modifications (PTMs) or cleavage that could alter molecular masses, isoelectric points and

cellular function of different forms of the same protein.”
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DISCUSSION

Natural infection of rabies virus in dog is an ideal animal model for studying the
pathogenesis of rabies.” Paralytic and furious manifestations can be found in rabies-infected
dogs, resembling those of humans. Our results indicate that paralytic and furious rabies had a
marked degree of alterations in their proteome profiles of three different locales of the CNS,
including hippocampus, brainstem and spinal cord, as compared to the non-infected controls.
The differentially expressed proteins were involved in many biological processes in response
to stress and to the process of rabies viral infection (Figure 5).

Among 11 main functional categories of significantly altered proteins affected by
rabies, some functional groups drew our attention as they might be directed to better
understanding of the molecular mechanisms of rabies (both paralytic and furious forms).
These included: (i) anti-oxidants, (ii) apoptosis-related proteins; (iii) cytoskeletal proteins;
(iv) heat shock proteins/chaperones; (v) immune regulatory proteins; and (vi) neuron-specific
proteins (Table 1). Functional significance and potential roles of these proteins are
highlighted as follows.

2426 Jackson and

(i) Anti-oxidants: Oxidative stress has been reported in rabies.
colleagues®’ have demonstrated that rabies virus infection in cultured DRG neurons derived
from adult mice caused axonal injury through oxidative stress. Protective proteins (i.e. anti-
oxidants) have been shown to be up-regulated to counteract the oxidative stress induced by
rabies infection.”® In vivo, oxidative stress may explain previous observations of the neuronal
degeneration processes in the study of transgenic mice.” In our present study, we found both
up- and down-regulations of anti-oxidants in brainstem and spinal cord of paralytic dogs, and

down-regulation of one antioxidant protein in the spinal cord of furious dogs (Table 1).

These data implicate that the disease process might be at the later stage than anti-oxidants
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could handle to protect the CNS from oxidative stress (i.e. irreversible deterioration stage).
Analysis of the brains at an earlier stage will be helpful to address this hypothesis.

(ii) Apoptosis-related proteins: Even with severe clinical entities of both paralytic
and furious dogs, there were only 1-2 apoptosis-related proteins that were significantly
altered in each region of the CNS, including two forms of annexin A2, two forms of annexin
A6, and cytochrome P450 2B12 (CYPIIB12) (Table 1). These data were consistent with
previous findings, demonstrating that apoptosis was almost undetectable in wild-type rabies
virus infection.''"? Interestingly, one form of annexin A2 (spot #1215; full-length) was up-
regulated in spinal cord of paralytic dogs, whereas another form (spot #1408; cleavage or
fragmented) was down-regulated in spinal cord of furious dogs. Similarly, one form of
annexin A6 (spot #258; full-length) was up-regulated in hippocampus of furious dogs,
whereas another form (spot #246; cleavage or fragmented) was down-regulated in brainstem
of furious dogs. These disparate results underscore the important role of PTMs and/or
cleavage on the functional roles of differential forms of the same protein.*

(iii) Cytoskeletal proteins: Most of cytoskeletal proteins were down-regulated in the
CNS of paralytic and furious dogs (Table 1). The decreased amount of cytoskeletal proteins
is likely the result of CNS damage by rabies virus infection. These data were consistent with
those reported in our previous studies on magnetic resonance imaging of the brains of furious
and paralytic dogs during an early stage, which showed tract integrity and macro-structural
damage in brainstem of paralytic rabies and in cerebral cortex of furious rabies.’' This
process undoubtedly led the animals to further stage with widespread extent of CNS damage,
thereby coma and death. In contrast, two forms of glial fibrillary acidic protein (GFAP),
tubulin alpha-1 isoform 9, vinculin and xin actin-binding repeat containing 2 isoform 1 were
up-regulated. These increases might be due to reorganization of cytoskeletal assembly in the

CNS as a part of host response to the CNS infection. However, as there were much fewer up-
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regulated proteins, this compensatory mechanism failed to cope with the deterioration of
CNS damage by rabies virus.

(iv) Heat shock proteins/chaperones: Heat shock proteins or chaperones play
important roles in cellular stress responses, protein folding (to ensure the proper protein
conformation), and presentation of antigens for the immune system.>*** In rabies, heat shock
proteins, especially heat shock protein 70 kDa (Hsp70), are known as the functional
molecules for replication found in Negri body, working in concert with Toll-like receptor 3
(TLR3) and ubiquitylated proteins.**° Our data showed up-regulation of Hsp70 in spinal
cord of paralytic dogs. In addition to Hsp70, there were many heat shock proteins or
chaperones that were significantly altered in the CNS tissues of both paralytic and furious
dogs. However, their levels were either increased or decreased (Table 1). These disparate
results might be due to the balance between deteriorated effects of virus infection and their
counter-balances as the compensatory mechanisms of host to cope with diseases/disorders.

(v) Immune regulatory proteins: There were concordant changes in immune
regulatory proteins in CNS tissues of both paralytic and furious dogs. These included up-
regulation of immunoglobulin heavy chain in brainstem of paralytic dogs and up-regulations
of interferon alpha-4 and SARMI protein in hippocampus of furious dogs (Table 1). Our
data were consistent with the previous findings indicating the involvement of innate immune
response in the brain of rabies-infected dogs.’

(vi) Neuron-specific proteins: Collapsin response mediator proteins (CRMPs) are
members of the family of cytosolic phosphoproteins. They are strongly expressed throughout
the developing nervous system.>’ CRMP-2 has been shown to bind with tubulin heterodimers
and promote microtubule assembly, thereby enhancing axonal growth and branching.®
CRMP2 can induce neuronal differentiation in hippocampal cultures.*” In addition, CRMP-2

is also expressed in immune cells and plays a crucial role in T lymphocyte migration as the
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increased expression of CRMP-2 is associated with the increase in migratory rate of
peripheral T lymphocytes.*’ Therefore, CRMP2 expression may serve as an indicator for
neuroinflamation.*' Interestingly, we found that CRMP-2 was down-regulated in spinal cord
of both paralytic and furious forms of rabies, but was up-regulated in brainstem of paralytic
dogs (Table 1). These data might be an evidence of ingression of activated T cells in the
brainstem, consistent with our observation that inflammatory T cells could be demonstrated
only in the brainstem of paralytic rabies (Shuangshoti et al., unpublished data).

In addition, we also focused our attention to significant differences between the two
forms of rabies in individual CNS tissues, as these data may lead to further identification of
tissue biomarkers for differentiation of these two distinct clinical entities of rabies and may
also facilitate understanding of factors determining clinical manifestations of rabies. All these
significant differences are summarized in Table 2. A total of 13, 17 and 41 proteins in
hippocampus, brainstem and spinal cord, respectively, significantly differed between
paralytic and furious forms, and thus may potentially be biomarkers to differentiate these two
distinct forms of rabies.

It should be noted that there is a previous proteomics study on CVS rabies virus
infection in kidney, not neuronal, cells.” In this previous study, baby hamster kidney cell line
(BHK-21) was infected with CVS rabies virus and alterations in cellular proteome were
identified by 2-DE followed by liquid chromatography (LC) coupled to MS/MS. Limited but
significant changes were found in expression of viral and host cellular proteins with different
functions, including those involved in cytoskeletal assembly, oxidative stress and protein
synthesis. Another study was done in rabies-infected mice using 2-DE followed by matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS.* In the latter study,
ICR mice were intracerebrally inoculated with attenuated CVS-B2C or wild-type silver-

haired bat rabies virus (SHBRV). Animals were sacrificed when they developed severe
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paralysis and the brains were removed. The expression of host brain proteins, particularly
those involved in ion homeostasis and docking and fusion of synaptic vesicles to presynaptic
membranes in the CNS, were altered in the animals infected with SHBRV. On the other hand,
attenuated rabies virus CVS-B2C up-regulated the expression of proteins involved in the
induction of apoptosis. Comparing the data reported in these two aforementioned studies to
ours, there were not much identical changes observed. This was not surprising as there were
many differences in the study design and models of rabies infection, as well as the affected
tissues/cells for proteome analysis. Integrative analysis of several models of rabies virus
infection at different stages and in different affected organs/tissues or their locales would be
very helpful to obtain the larger and clearer picture of pathophysiology or pathogenic
mechanisms of rabies in humans.

In summary, we report herein for the first time a large dataset of changes in proteomes
of hippocampus, brainstem and spinal cord in dogs naturally infected with rabies. These data
will be useful for better understanding of molecular mechanisms of rabies and for

differentiation of its paralytic and furious forms.
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Table 1: Some interesting changes in furious and paralytic dogs compared to non-infected

controls.
Protein name Spot NCBI ID Region Alterat.ions (vs. C.ontrol)
no. Paralytic (P) | Furious (F)
Anti-oxidants
150 kDa oxygen-regulated protein precursor (Orp150) 73 |gi|73955046 |Spinal cord 1 NS
(Hypoxia up-regulated 1)
Glutathione S-transferase Mu 3 (GSTM3-3) (GST class- | 807 [gi|57088159 |Brainstem 1 NS
mu 3) (hGSTM3-3) isoform 1
Oxygen-regulated protein 1; AltName: Full=Retinitis 157 |gi|62900882 |Spinal cord l* NS
pigmentosa RP1 protein homolog
Peroxiredoxin 1 932 |gi|4505591 Spinal cord * *
Apoptosis-related proteins
Annexin A2 1215|gi|18645167 |Spinal cord NS *
Annexin A2 1408 |gi|50950177  |Spinal cord 1 NS
Annexin A6 (Annexin VI) (Lipocortin VI) (P68) (P70) 246 |gi|73953627 |Brainstem NS 1
(Protein IlI) (Chromobindin 20) (67 kDa calelectrin)
(Calphobindin-I1) (CPB-Il) isoform 2
Annexin A6 (Annexin VI) (Lipocortin VI) (P68) (P70) 258 |gi|73953627 |Hippocampus NS 1
(Protein I1I) (Chromobindin 20) (67 kDa calelectrin)
(Calphobindin-I1) (CPB-II) isoform 2
Cytochrome P450 2B12 (CYPIIB12) 192 |gi|62639273 |Hippocampus 1* NS
Cytoskeletal proteins
Dynamin 164 |gi|181849 Hippocampus * NS
Fascin 1 366 |gi|4507115 Brainstem * NS
Glial fibrillary acidic protein, astrocyte (GFAP) isoform 1 | 459 |gi|73965500 |Spinal cord NS 1
Glial fibrillary acidic protein, astrocyte (GFAP) isoform 1 | 602 |gi|73965500 |Spinal cord NS 1
Myosin, heavy chain 2, skeletal muscle, adult 208 |gi|115947178 |Brainstem l* NS
Nebulin-related anchoring protein isoform 2 132 |gi|114632883 |Brainstem * l*
NEFM protein 1185|gi|148342538 |Spinal cord * T
Neurofilament, heavy polypeptide 200kDa 37 |gi|50979202 |(Brainstem * *
Septin-8 460 |gi|73971156 |Spinal cord * *
TUBBZ2B protein 1000 |gi|133778299 |Hippocampus NS *
Tubulin, alpha-1 isoform 9 579 |gi|73996547 |Brainstem T NS
Tubulin, alpha-2 chain (Alpha-tubulin 2) isoform 7 623 |gi|73996522 |Brainstem * NS
Vinculin (Metavinculin) 1259 (gi|73953587 |Spinal cord 1* 1*
Xin actin-binding repeat containing 2 isoform 1 1260|gi|66841385 |Spinal cord 1 NS
Heat shock proteins/chaperones
Alpha-crystallin B chain (Alpha(B)-crystallin) 960 |gi|149716488 |Spinal cord * 1™
Alpha crystallin B chain (Alpha(B)-crystallin) (Rosenthal 895 |gi|57085977 |Brainstem NS T
fiber component) (Heat-shock protein beta-5) (HspB5)
isoform 1
Alpha crystallin B chain (Alpha(B)-crystallin) (Rosenthal |1385|gi|57085977 |Spinal cord T T
fiber component) (Heat-shock protein beta-5) (HspB5)
isoform 1
DnaJ (Hsp40) homolog, subfamily C, member 15 1055gi|149050007 |Spinal cord ¥ *
(predicted), isoform CRA_b
Heat shock cognate 71 kDa protein (Heat shock 70 kDa | 327 |gi|123647 Spinal cord T NS
protein 8)
Heat shock protein 90kDa beta, member 1 96 |gi|50979166 |Brainstem 1 NS
Heat shock protein 90kDa beta, member 1 182 |gi|50979166 |Spinal cord NS *
Heat shock protein beta-1 874 |gi|50979116 |Spinal cord NS 1
Heat shock protein beta-1 1512|gi|50979116 |Spinal cord 1* NS
Immune regulatory proteins
Immunoglobulin heavy chain variable region 1023 |gi|112700066 |Brainstem T NS
Interferon alpha 4 107 |gi|18767673 |Hippocampus NS 1™
SARM1 protein 1359|gi|114325428 |Hippocampus NS 1™

Neuron-specific proteins




Dihydropyrimidinase related protein-2 (DRP-2) (CRMP-2)
isoform 6 (Turned on after division, 64 kDa protein)
(TOAD-64) (Collapsin response mediator protein 2)

Dihydropyrimidinase related protein-2 (DRP-2) (Turned
on after division, 64 kDa protein) (TOAD-64)
(Collapsin response mediator protein 2) (CRMP-2)
isoform 6

Dihydropyrimidinase related protein-2 (DRP-2) (Turned
on after division, 64 kDa protein) (TOAD-64)
(Collapsin response mediator protein 2) (CRMP-2)
isoform 4

Dihydropyrimidinase related protein-2 (DRP-2) (Turned
on after division, 64 kDa protein) (TOAD-64)
(Collapsin response mediator protein 2) (CRMP-2)
isoform 6

Dihydropyrimidinase related protein-2 (DRP-2) (Turned
on after division, 64 kDa protein) (TOAD-64)
(Collapsin response mediator protein 2) (CRMP-2)
isoform 6

364

314

373

375

382

qil73993705

qi[73993705

gil73993699

qil73993705

gil73993705

Spinal cord

Brainstem

Spinal cord

Spinal cord

Hippocampus

NS

NS

NS
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NCBI = National Center for Biotechnology Information

1 = Increased levels as compared to the control (non-infected)
| = Decreased levels as compared to the control (non-infected)
*p <0.05 vs. control




8¥20°0 SN #9100 | #0L0°0 | 8LLOOF0S8L°0 | SZE0°0F8L0S0 | 02200 F 226L°0 | 0SS ZsL6e8l16 o0 eydje utejoud Bulpuig-d19
| wuojost (g-gINLSOU)
16200 SN ZG¥0°0 | 9810°0 | 62200 ¥ L6GL'O | 86£0°0F9€/2°0 | 82L00FS0LL°0 | 208 | 651880.G)16 (¢ nw-ssep 189) (e-CNLSD) € NIN Selssuel}-S auolyien|o
GEL0°0 | 01000 SN LL00'0 | 0SL0'0 FGEEO'0 | 96000 F 6£80°0 | €900°0 FZ¥0L'0 | 62V | 9268.605I16 Z Jonqiyur uoneroossip 4ao
8
82100 SN €900°0 | L¥O0'0 | 0BE0'0 F8SLY'0 | 9€90°0 F ¥8Z9°0 | 09200 F LEBE0 | €66 | SEP8EEELIIB| WIo40s! (1] 91j0SOMKO BSEPHOSIONU-G) BSEPHOSIONU-G dulnd 91|0S0}AD
6020°0 SN GLLO0 | 92000 | 2/00°0 F9¥80°0 | ZELOOF68ZL'0 | 28000 F2080°0 | 80S | LELY96eLlIB| | wuosos! (O-g) (uteyo g ‘eseuny sunesi)) adAi-g aseuny sunessd
ulebaly 18y uj 1eaday Buipuig
L4200 SN €9¢0°0 | 09100 | ##00°0 ¥ 6££0°0 | 8LLOO F6690°0 | 2/00°0 FS9£0°0 | 821 | SPOP9L6GLIIB|  -puebi yorg-suislsAO yyeml 8yl JO 8Injonig uonn|os ‘v uieyo
86000 SN 90000 | 2Z000°0 | ¥¥20°0 ¥ 20220 | GEEO0F LLE€0 | L9000 F12LL°0 | ¥S. | €2912Zv6L11B Z Wwiojos] e@ye9 ulejoud [ewosonus)
1000°0 SN 9900°0 | L0000 | LYPLOOF ¥¥62°0 | ¥LZO'0FEL60°0 | S620°0 F0ELZ0 | L¥E | 0Z8c66EL116 Z Wioj0s! Z wuojos! ‘g yungns | A ‘Bupodsuen +H ‘esed vy
S000°0 SN SN 8000°0 | £650°0 ¥ G£ZG°0 | 0600°0 F 99420 | SPE0'0F968€°0 | 8c€ | 0Z8c66EL16 Z Wiojos| Z wuojos! ‘g yungns | A ‘Buipodsuen; +H ‘esedly
Z wlojos|
(11-ad9) (1-upuiqoydie)) (uuiosieled eqay £9) (0Z ulpuigowoly))
€610°0 | 22100 SN 82000 | £200°0 ¥ 95¥0°0 | #200°0 ¥22/0°0 | LL000 ¥6£L0°0 | 9vZ | L29cs6eLlb (111 wisoad) (0.2d) (89d) (IA umooodr) (IA uxauuy) 9y uxauuy
91200 SN SN 0S20°0 | €900°0 ¥ 8ZLL°0 | 6¥20°0FG8ZL°0 | 29000 F8¥EL'0 | 067 | 028696¢.16 ¥ Wiojos! Z uisjoid pajejal-unoy
wejsurelg
¥0Z0°0 | 80€0°0 SN Ov¥0°0 | 9LLO'0 FGES0°0 | 0S00'0 F08LO0 | 8LLOOFLEZOO |6SEL | 82hSZEYLLIIB uelold LINYYS
| wiojos! (g0d)
9¥£0’0 | 95¥0°0 SN GZZ0'0 | S8L00F0LY0'0 | L¥0O'0OF L0600 | L0LOOF 18800 | S6 | 2682865.l1B| (esElAX0qIED O1ANIAH) JoSINDB.Id [ELPUOYOOYW ‘BSElAX0gIed BjeAniAd
0L¥0°0 SN SN G6£0°0 | /6000 F #960°0 | GS00°0 F €290°0 | 90L0O°0 ¥9690°0 | 901 | 9g0L26€L11B | WI0JOSI GGHOED ulejold
| wuojos! (g-43MN) (g Joyoey Buroueyus (180 Ja|iy [BINeN) (dHd)
(vs.l) (uieyoud juepixonue oyoads-joiy ) (| @sejonpal apixosad
LLEO'0 | ¥800°0 SN €/00°0 | 2920°0 ¥ 20Z¥'0 | T.Z00FZ86Z0 | £9£0°0F00/Z20 | 888 | 26¥986¢.1B| juspuadep-uixopaiolyl) (| osepixosad uxopaiolyl) g uxopalixolad
91000 | £000°0 SN ¥000°0 | 6¥00°0 ¥ 5290°0 | 0S00°0 ¥ 8G€0°0 | 22000 ¥ 0S€0°0 | ¥9Z | 16719609116 L unessy|
€1€0°0 | 260070 SN 8/00°0 | LOLO'OF6EYL'0 | 99000 F90LL'0 | 92000 F #€0L°0 | 0L | €29.9/8L11B ¥ eyd|e uosspieiu|
61000 | L¥LOO SN 81000 | L/Z0°0F2082°0 | ¥OLOOF /S¥L'0 | #SZ00F8.2L°0 | 009 | 2e86¥6€.1B| | wuojosi z yungns eydie (0)9 uigjoid Buipuig-sprosjonu sujuens
82000 | 81000 SN 60000 | Z¥0O0'0 ¥ S¥0L'0 | ZOLO'0O F9G¥0°0 | 6ELO0F #2PO'0 | 2921 | €089¥6€L1B 8SBUIWEdp duluenD
1/20°0 | 9000 SN Z810°0 | 8¥LO0OF12ZL°0 | 8820°0 F00SZ°0 | 82700 F60¥2°0 | 952 | 28890£0z[16 uejoud 0L X G
€ wlojos! (Z-dINYD) (z urejold Jojelpaw
asuodsai uisde||09) (#9-avO.1) (ueloid ey 9 ‘UoISIAIP
G600°0 SN SN 9Z10'0 | 9P¥0'0F LELS0 | ¥2LO0F0L9Z'0 | 000L'0F2L0¥0 | LLE | 269¢66EL116 Jaye uo pauin]) (z-44Q) z-uteioid pajejss aseulpiwAdoipAyiq
06€0°0 SN SN 08Y0°0 | 95000 F€2L0°0 | 22000 F Z6€0°0 | GS00°0 ¥ £€G20°0 | GGZ | 86¥966€L/16 1 8dA} unesaxolkD
20000 SN LLLO'0 | 8000°0 | Z800°0F LSZL'0 | ¥L00°0 86400 | L8OO'0OF0ZLL'O | 26 | €£226£9Z9lB (21911dAD) 2192 0S1d 8WoIyo0}kD
01000 | #1000 SN ¥000°0 | 0L80'0 ¥9629'G | 2/LZ°0F28LL'E | 0ZL90F09.2°€ |¥80L| L9gchL/Gb uiqo|b eyeq
sndwesoddiy
4°'SAd [ O°'SAd | D'SAd | gnjend [d] snouny [d] onAkjesed [0] 1ou09 -ou
ai 199N aweu uljoid
suosuedwos adinpy VAONY (n3S F uesy) Aysuayuj jods

€C

‘saiqel o13fjesed pue snolN} UddIMIa( SOOUBIBIP Juedlylubis Jo Auiewwng :gZ ajqe|




€100

€100°0
60000
00000
§020°0
€100
00000
99200
€000°0
04€0°0
¥0€0°0
¢l000
00000
¥000°0
10200
Gev00
6¥0°0
[AT4N0
82000
€€00°0
100

8€20°0
91000
€100°0
9100

8100

60000

10000
00000

91100

1G¥0°0
¥000°0
60000
81000
G000°0
1€00°0

104

SN

110070
SN
100070
15000
SN
S000°0
SN
SN
10100
SN
SN
00000
€100°0
SN
SN
SN
SN
SN
€600°0
0€€0°0

SN
SN
€000°0
SN

€900°0

SN

11000
¢av0°'0

SN

12€0'0
SN
SN
SN

£000°0
SN

SN

SN
¢000°0
SN
SN
SN
1¥00°0
G000°0
00000
SN
SN
SN
SN
SN
18€0°0
05000
SN
SN
SN
SN
SN

SN
71000
SN
SN

SN

10000

00000
¥G00°0

SN

SN
09€0°0
00000
[440%0

SN
¢l000

GG10°0

S000°0
10000
00000
L¥00°0
¢cec00
00000
20000
00000
06000
61€0°0
21000
00000
€000°0
61100
GG00°0
6¢€0°0
200
2€00°0
€200°0
01100

04200
900070
20000
€100

81000

10000

00000
10000

¢5l0°0

91200
90000
00000
¥.00°0
20000
20000

0000°0 + 000070

0000°0 ¥ 000070
0100 ¥8¢9L°0
9/€0°0 #9290
9901°0 ¥ 0¥S€°0
Lv¥20°0 ¥ 8591°0
12100 ¥ 0€¢C0
00L00* L1¥00
16100+ 161070
€/€0°0 ¥ G651°0
8G¢0°0 ¥6191°0
0000°0 * 000070
¥20¥'0 * GEOE'Y
01200+ levl0
00200 # €000
500 ¥ G9.€°0
¢l0'0+0cLe0
86200 ¥ 01€€0
6€L0°0 #6€L0°0
96G0°0 ¥ 99990
21600 # 12880

1/G0°0 ¥ 9€2¥°0
0S00°0 ¥ 0500°0
¥220°0 ¥ L¥.€°0
¥610°0 ¥ €5¥1°0

0000°0 ¥ 000070

G600°0 +816¢°0

8¥¥0°0 + 8/61°0
8680°0 + 96820

9¢10°0 ¥ 80¢C0

0GS0°0 ¥ 25220
€120°0 ¥ ¥59G°0
€2¢00°0 ¥ L2900
Y100 + G9G2°0
¢.00°0 ¥ 065070
¢0€0°0 ¥ G¢s2'0

/G¥0°'0 ¥ 0L¥L°0

81000 ¥ ¢010°0
9900°0 ¥ G€80'0
L7100 ¥ 0£L0€°0
12¢c0°0 #9500
80100 ¥ 6¥80°0
65000 ¥ ¢60L°0
8100°0 + 280070
G0LO'0*8LLL°0
G/v0°0 ¥ 2¢ve0
61000 ¥ ¥¥90°0
69000 ¥ 12€0°0
8Ev1'0 ¥ L68L°0
¢€00'0 + 21500
92000 ¥ 0600°0
80200 * ¥¥€2C°0
66¢0°0 + 10810
62¢€0°0 ¥ 192170
6,200 ¥ G6¥1L°0
€2e00 ¥ 6.LLY°0
19900 ¥ ¥619°0

09100 #6992°0
06100 + 18800
8,200 F ¥€LC'0
18000 ¥ 2€80°0

69000 ¥ G/¥1°0

71100 # 950¢°0

€0¢0°0 + L0G¥'0
68¢0°0+06LC0

/8100 ¥ /880°0

L1100 * 210170
80€0°0 ¥ €46€°0
02000 *8€€0°0
1980°0 ¥ 09250
LZ100% L1210
6v€0°0 #6510

66000 + 8860°0

S§600°0 ¥ 0L¥0°0
€€L0'0 ¥ 2910
¥120°0 ¥+ G96€°0
9/10'0 %9100
87100 ¥ L0¢L0
1900°0 ¥ 06510
0£00°0 ¥ 0€90°0
0000°0 ¥ 000070
LG¥0°0 ¥ LG8€°0
€¢€0°0 ¥ 9060°0
65000 F ¥210°0
6.€0°0 ¥ G850°0
0S00°0 + 0¢90°0
01100 #0¥90°0
¢6e0°0 + LEEVO
66100 ¥ 1881°0
¥8€0°0 + G082°0
16100 ¥ G€60°0
062¢0°0 + L0S¥°0
0€€0'0 + 9€59°0

60200 ¥ 9€.€°0
1¥00°0 ¥ L¥00°0
¥610°0 ¥ 8¥81°0
/800°0 ¥ 6¥01°0

12G0°0 ¥ 0CZL0

96100 F€CLED

9/00°0 #9000
G¢G0'0 F ¢S50

01¥0°0 + 80510

10100 ¥ 1€60°0
€100 ¥ 9061°0
04000+ L¥.0°0
¢Gv0°0 + 26€2°0
0200+ 24910
26100 ¥ €¢€20

gel

€8¢
L8
V.8
18EL
869
1G9
651
clsl
c8l
LGl
147
¢09
6Sv
€9
629
G901
801
1433
6.5
€69

128
Lgcl
A
697

S6¢el

€L6

G8el
096

¥6€L

000}
€18
yx4
6.9
999

€201

86657929|16

€660 L2516
Z90z.9v61 16
9116.605(16
€16/99v1 1116
161719609116
olelgeeLlib
8969/ 187116
9116.605[16
9916260516

9550/ 1116
206596¢ 216
005596¢.16
005596¢.16
¥/6996¢ .16
11216046116
¥8588z¢ZLII6
G65+5Z0v|I6
190856¢.16
LELP96ELIIB
LELP96ELIIB

Leessee. 16
0€12886LL[16
9£590€9zZ L 116

£/9896¢/(16

1008012516
1608012516

1/6G80/5|16
88916116

116126€/116

VN
VN
VN
1¥5966¢ /116
065269¢.16
99000221 LI16

ejaq ulajoid Juswyoeje uidjoid UoISny SAIISUSS aplwialew|Ayie-N
| WUoJos|

Josinoaud eqyG,/ ‘| udloid S-a4 (suouinbign) aseuabolpAysp HQVN

9 uiejoud pajejal ueNgnjoAp

L-e19q uisjoid }o0ys jeaH

Z wlojosi Q| uneloy

| uijesay

Z wuojosi eydie (+QvN) € aseusaboipAysp a1eu}100s|

29°0%-SWY-NN usbiue ewoosesoAwopgeyl [eanaylodAH

1-e19q uiajoud 3o0ys jesH

| Jaquiaw ‘ejaq ea06 utajold 3ooys jeaH

(esejA1oydsoydoAy) wuoy ajosnw ‘asejAioydsoyd uabooh|o

Z wiojos! (dy49) a1hoouise ‘uiaoud oipioe Asejjuqi [elo

| wuojos! (dv49) aykoouse ‘uisjoud oipioe Aiejjuqy (el

| uuojos! (dv49) aykoouse ‘usjoud olpioe Aiejjuqy (el

Z wilojosi (asejople adAl-uleig) O ase|op|e ayeydsoydsig-as0joniH

| wiojosi (asejop|e adA}-uieig) D asejople ayeydsoydsig-asojoni

(eeISINGI9D ") aYI|-| @seyjuAs auipLnolpAyig

Z iI-eseulpiwuAdolpAyig

Z wJojos] unoe-ejaq olwse|dojhn

| wiojosi (MD-g) (ureyo g ‘eseuny auneal)) adAl-g aseuny auneard

| wiojosi (MD-g) (ureyo g ‘eseuny auneal)) adAl-g aseuny auneaid
Josinoaud

uisjoud Buipuiq yJusuodwoogns b ‘| Jusuodwod Jusws|dwo)

| wiojos! | eydje ‘A adAy ‘uabejjo)

/2 awely Buipeal uado | swosowoiyd

] Wiojosi Z Hungns ‘L4901 Buiuieyuos uiuosadeyn
(g aseipAyue

oluoque)) (-y9) (| asejelpAysp ajeuoge)) | asespAyue dluogie
B W.ojos|

p yungns ‘xajdwod Q4 [eupuoydo)w ‘Buiodsuel) +H ‘@seyjuAs 41v
| wuojosi (ggdsH) (g-eyoq uisyoid yooys-lesH) (Jusuodwod

Jaqy [eyjussoy) (uneyshio~(g)eydly) ureyo g uielsiio eydly

IieysAio-(g)eyd|y) ureyo g uyeyshio-eydiy
| | wJojosl

(urey04d 10108y 0 UONEWLIOSURI) SOJ-/\) BES UIBl0Id |ewosoqu SO

p409 jeulds

paypusplun

paypusplun

payusplun

6 wuojosi | eydje ‘uyngny

Z Joyeinbas uonewuojul Jua|is

uoibal ajgeleA uieyd Aaeay ulingojbounwiw|




ueoyubls Ajjeonsiess 10N = SN
a|qeoydde JoN = YN
uonewuoyu| ABojouyosiolg Joy Jejue) |euolieN = |9ON

¥6€0°0
10000
60000
08100
16000
8G10°0

99100
81100
¢v00°0

G000

0€L0°0

154

SN
80000
G000°0

SN
00000

SN

SN
81100
SN
SN

SN

SN
SN
SN
9¢¢00
00000
SN

6€00°0
00000
G100°0

YAZAY)

9000

91€0°0
10000
¢000°0
G010°0
00000
29100

€€00°0
000070
01000

G€000

Lv¥00°0

L710°0 ¥ 8691°0
0LLO'0+ 22010
0900°0 + 26000
¢8¥0'0 +2CLS0
€G10°0+¢2cLL'0
¥G20°0 + 26400

€100 +6¥80°0
/¥00°0 + 91600
G600°0 + 2€€0°0
900 ¥ GS01°0

1L00°0 ¥ ¥120°0

€000+ €/¢l0
¢/00°0 ¥ €9¢0°0
0G00°0 +8910°0
86€0°0 +G8LE0
/G00°0 +8¥CL°0
¢cl0'0+€991°0

L€20'0 ¥ 0€LL°0
90100 ¥9¢1L0°0
0000°0 ¥ 0000°0
¢vc0'0+0vLC0

0000°0 * 000070

¥600°0 + 22€1°0
1€00°0 ¥ £2S0°0
1G00°0 * ¥6¥0°0
L¥€0°0 + 0505°0
0000°0 ¥ 0000°0
6€100+6LYL0

¢0L0°0 + 2¥90°0
/¥00°0 ¥ L060°0
G000 + G/€0°0
€¥¢0'0 +6.9€°0

GE00'0 + 1€200

€69
¥0€
oey
cl8
€8¢l
199

0ccl
09y
8G1

816

1Sl

62.20L.6L16
ZL00.8vL116
VN
898166¢.(16
Zvs6zzlib
066269¢/(16

Zy1066¢.L/16
9GL1/6¢€L016
1678206V 116

16¥986¢.16

78800629|16

G19 uisyoud Jabuyy ouiz

g VYD wiojosi ‘| uiejold Bunoelaiul 8seol[ay JoUIA

paiuspiun

17 @se|joipAy |eulws)-Axoqled upinbign

1 unstodowAy |

Z Jojejnbal uonewuoul Jus|IS
| wuojost (ulingolB Buipuiq

lejow-|-ejag) (uliydosapig) (uniajsuel] ) Josindaid UlIB)SUBII0I9S

g-undeg

€90.¥9D
| wiojos! (g-43XN) (g Jojoey Buioueyus |90 Jaj|iy [ednieN) (dHd)
(vs.l) (uieyoud juepixonue oyoads-joiy ] ) (| @sejonpas apixosad

juapuadap-uixopaJoly]) (L asepixosad uxopaloly]) Z uixopalixolad
Bojowoy uieyoud

L dY esojuswbid spiuiey=|in4 :dWeN}|Y ‘| uiejoid payeinbal-usbAxQ




26

FIGURE LEGENDS
Figure 1: Immunoperoxidase staining of rabies antigen. Hippocampus, brainstem and spinal
cord from non-infected dogs and those naturally infected with rabies (both paralytic and
furious forms) were subjected to immunohistochemical study for rabies antigen using
polyclonal antibody against rabies nucleocapsid as the primary antibody and hematoxylin as
the counterstain. Immunoreactive locales of rabies nucleocapsid are shown in brown, whereas

nuclei are illustrated in blue.

Figure 2: 2-D Proteome maps of differentially expressed proteins in hippocampus of dogs
naturally infected with rabies. Proteins that significantly differed among groups, including
non-infected control, paralytic form of rabies and furious form of rabies, are labeled with

numbers that correspond to those reported in Tables 1 and 2, and Supplementary Table S1.

Figure 3: 2-D Proteome maps of differentially expressed proteins in brainstem of dogs
naturally infected with rabies. Proteins that significantly differed among groups, including
non-infected control, paralytic form of rabies and furious form of rabies, are labeled with

numbers that correspond to those reported in Tables 1 and 2, and Supplementary Table S2.

Figure 4: 2-D Proteome maps of differentially expressed proteins in spinal cord of dogs
naturally infected with rabies. Proteins that significantly differed among groups, including
non-infected control, paralytic form of rabies and furious form of rabies, are labeled with

numbers that correspond to those reported in Tables 1 and 2, and Supplementary Table S3.

Figure 5: Summary of all differentially expressed proteins in hippocampus, brainstem and

spinal cord of dogs naturally infected with rabies. These significantly differed proteins were
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classified based on their molecular functions. More details of individual proteins, including
mass spectrometric data (identities, identification scores, sequence coverage, number of
matched peptides, isoelectric point or pl, molecular weight or MW, etc.), quantitative
intensity data, and p values obtained from ANOVA as well as Tukey’s post-hoc multiple

comparisons are summarized in Supplementary Tables S1-S3.
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Ante- and post-mortem
diagnosis of rabies using
nucleic acid-amplification tests

Expert Rev. Mol. Diagn. 10(2), 207-218 (2010)

Sensitivity, specificity and short turn-around time nucleic acid-amplification tests (NATs) have
been steadily improving. NATs have been employed in the diagnosis of rabies to distinct different
strains, as well as to identify new lyssaviruses. NATs have advantages over traditional methods,
such as the direct fluorescence antibody test. They can be applied to fluid samples and brain
tissue that is substantially decomposed. NATs can be used as an alternative method for
confirmation or exclusion of the diagnosis in a suspected rabies patient. Real-time PCR methods
are more favored than conventional reverse-transcription PCR methods by several laboratories.
Second-round PCR, either nested or heminested, has been used for ante-mortem diagnosis to
detect low levels of RNA. This review the details obstacles in making a diagnosis, how to properly
utilize NATs (sample preparation, nucleic amplification techniques, amplification targets and

primer design); and interprets the results obtained in recent studies.

KEeywoRrps: ante-mortem e detection e diagnosis ® nucleic acid amplification ¢ PCR e post-mortem e rabies

e real-time PCR

Rabies remains a neglected disease. This is true
especially in canine rabies-endemic regions
of Asia and Africa. It has been estimated by
the WHO that 55,000 individuals (~30,000
in India alone) die of rabies each year [1]. The
actual number of human deaths must be higher
than what the WHO estimates since several
rabies-endemic regions have not submitted
any reports [101]. This under-reporting can
be readily explained by the fact that rabies is
not classified as a notifiable disease in many
countries especially those where reliable diag-
nostic facilities are lacking [2.3]. Rabies in large
parts of the world is diagnosed based on clini-
cal grounds alone, which are not reliable. This
poses problems in prioritizing the importance
of this disease and results in judgment errors
by policy makers.

It has been increasingly known that rabies
in humans presents in different clinical forms.
The classic forms are furious and paralytic
rabies. Although the latter has been recognized
for many decades, misdiagnoses still occur
leading to transplantation of tissues or organs
(4,5]. Paralytic rabies is usually confused with
Guillain—Barre syndrome and poliomyelitis-
like illness from arboviruses [6]. Even in the
case of furious rabies, cardinal manifestations,

such as phobic spasms, may not be present [7].
Stages of the disease (early or comatose), nature
of viral genotype and nature of virus variant
(dog or bat despite belonging to the same geno-
type 1), inadequate history taking, lack of bite
exposure history and disease ignorance can
cloud judgments of physicians confronted by
a rabies patient [7]. In addition, atypical forms
have been reported in association with bat and
dog variants.

Post-mortem diagnosis of rabies is essential
to formulate control programs, epidemiologic
surveys and prophylactic measures. Post-mortem
examination using the direct fluorescence anti-
body (DFA) test on brain impression smears is
the gold standard 8], with direct rapid immu-
nohistochemical test (dRIT) as an optional test
[9], and the rabies tissue culture infection test
(RTCIT), the mouse inoculation test (MIT)
or ELISA technique [10] as confirmatory meth-
ods. The sensitivity of these methods can be
reduced, especially when the brain tissues sub-
mitted for testing are decomposed. In such cases,
the nucleic acid-amplification tests (NATs) are
preferable, as they have a higher sensitivity com-
pared with DFA/MIT. NAT: are as specific as
DFA and can be completed faster than MIT or
RTCIT with superior sensitivity [11,12]. They can
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replace RTCIT and MIT in confirming negative DFA results and
can also detect viral RNA in fluids for an ante-mortem diagnosis
in humans, while the DFA cannot.

Confirmed ante-mortem diagnosis is urgent in order to alert
other(s) who might have also been exposed and need rabies post-
exposure prophylaxis (PEP), and to prevent spillage of virus-
containing biological fluids from patient to healthcare personnel.
Over 200 hospital workers received rabies PEP due to erroneous
diagnosis of a patient with paralytic rabies who was in hospital
for 9 days before rabies was suspected and confirmed by nucleic
acid sequence-based amplification (NASBA) [13]. Early diagnosis
also prevents unnecessary investigation and inappropriate treat-
ment. At present, there is no effective rabies treatment [4,14-18],
and knowing the diagnosis, may also prevent tissue or organ
transplantation [4,19,20].

Rabies diagnostics are some of the most difficult procedures
attempted in the laboratory and should be performed only by
experienced staff [21]. Here, we present an overview of established
methods for rabies virus nucleic acid detection. These include
the reverse-transcription PCR (RT-PCR), RT-heminested-PCR
(RT-hnPCR), RT-nested-PCR (RT-nPCR), real-time PCR-based

method, isothermal amplification and microarray technology.

Sample preparation for NAT

Sample type & collection

Post-mortem sample

Brain tissue is most suitable for post-mortem diagnosis of rabies
in humans and animals. Brain biopsy for ante-mortem diagnosis
of rabies is no longer acceptable and open brain autopsy is often
rejected owing to religious beliefs in many countries and because
of the reluctance of physicians to perform it. Necropsy performed
through the orbit using a Trucut needle [22] or occipital route
using a lumbar puncture needle for brain tissue collection [23] is
an alternative option.

In warm climates, brain tissue may decompose rapidly. Viral
RNA can be detected by RT-PCR even in decomposed samples
where DFA results were often negative [24-26]. The RT-hnPCR
was more sensitive than RT-PCR in decomposed brain, however,
both techniques were not as sensitive as in samples stored at -20°C
(27). Ten decomposed brain samples; collected between 1998 and
2000 in Israel and diagnosed as negative by DFA, were found
to be positive using RT-PCR [28]. In the case of mouse brain
samples stored at ambient temperature (25-27°C), the intensity
of the RT-PCR band started to diminish by day 12. Rabies viral
genome could be successfully amplified by RT-PCR up to 23 days
later, whereas the results of a DFA test remained positive only
up to day 7 [29]. Indeed, sensitivity on decomposed brains varies
(75-100%) in specimens kept at room temperature (37°C) or
higher for as long as 72-360 h [25-27).

Nucleic acid-amplification test methods are also useful and
applicable to brain tissue samples, including those from filter
paper and archival formalin-fixed and paraffin-embedded tis-
sues. Filter paper can be used for collecting brain samples and
stored at room temperature for more than 222 days with 100%
sensitivity and specificity when tested by NASBA (n = 10) [30].

The infectivity of rabies virus was inactivated after a 2 h contact
with FTA® paper 31]. The sensitivity of the RT-hnPCR follow-
ing RNA fixation on the filter paper was equivalent (100%) to
that of standard RT-hnPCR at 0.0016 tissue culture infectious
dose 50%. (TCID, ) of CVS-11 fixed rabies virus. No signifi-
cant nucleotide sequence variation was observed (more than
99% identity of 584 nucleotide long sequences) between the
sequences obtained from fixed FTA paper and frozen samples.
NATs in archival samples have also been found to be a valu-
able tool in providing retrospective and epidemiological data.
PCR was shown to be able to identify rabies viral nucleopro-
tein (V) gene in archival formalin-fixed and paraffin-embedded
brain tissue after storage at room temperature for 16 years in all
seven patients (20 positive out of 30 examined samples), but
not from every immunohistochemical-positive specimen [32].
More than one formalin-fixed and paraffin-embedded sample
from different regions of the brain was needed to obtain a cor-
rect diagnosis. The sequence analysis of 1432 bases of the NV
gene from a frozen-rabies infected brain sample showed 100%
identity to that after 24-h fixation in formalin and paraffin-
embedding after 1 month.

Ante-mortem sample

Rabies viral RNA can be detected in a range of biological fluids
and in samples, such as saliva, cerebrospinal fluid (CSF), tears
and urine, as well as skin at the nape of neck containing hair
follicles [33-39]. More than one ante-mortem sample is preferable
and at least three should be examined simultaneously and repeat-
edly if the result is negative. There is an intermittent nature of
viral shedding in biological fluids (such as saliva, CSF or urine)
(34.40]. From our experience, results of NATs on freshly collected
urine of 1-2 ml volume might be more reliable than using frozen
specimen. Rabies viral RNA could be detected in extracted hair
follicles on hospital admission using NASBA [14,35]. It is also a
good source if other samples cannot be collected. Tears can also
be a source of the virus, which was demonstrated in at least one
patient using RT-nPCR, where corneal impressions and CSF
were negative by DFA and RT-nPCR, respectively [3¢]. Further
validations of using extracted hair follicles or tears as a source
are needed.

Data from a large cohort study by Dacheux ez /. involving
43 patients, showed higher sensitivity of RT-nPCR from skin
biopsies (98.3% per sample) than saliva (70.2%) and urine (9.5%)
(34]. The sensitivity from liquid saliva samples was 74.6% (67 sam-
ples) and 52.9% in saliva swab samples (17 samples). However,
100% of these rabies-infected patients were identified through
testing of three serial saliva samples. The positivity rate of saliva
increased during the first 2 days after onset of symptoms and
remained stable from day 2 through to day 7 or even later. In
other reports saliva samples have a higher rate of positivity than
CSF [33.35.41].

Results of our data (from 56 patients during 1998-2009) at
Chulalongkorn University Hospital (Bangkok, Thailand) using
the NASBA method are summarized in Tase 1 (furious rabies
patients) and Tase 2 (paralytic rabies patients). Sensitivity of
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Table 1. Results of ante-mortem diagnosis of
50 furious rabies patients at Chulalongkorn

University Hospital (1998-2009) using nucleic acid
sequence-based amplification method.

Table 1. Results of ante-mortem diagnosis of

50 furious rabies patients at Chulalongkorn
University Hospital (1998-2009) using nucleic acid
sequence-based amplification method.

1 171 0/2 NA NA 1/3
2 7 NA NA NA 7
3 7 NA 11 NA 2/2
4 7 01 171 NA 2/3
5 171 01 01 NA 1/3
6 0N NA NA NA 0/1
7 NA 01 171 NA 1/2
8 1/1p NA NA NA 1
9 7 01 NA NA 1/2
10 171 NA 171 NA 2/2
11 171 NA NA NA 1
12 1 NA 0/1 NA 1/2
13 NA 11 0/1 NA 1/2
14 7 NA 01 NA 1/2
15 171 11 0/1 NA 2/3
16 171 171 171 NA 3/3
17 7 NA NA 171 2/2
18 1 0/1 0/1 NA 1/3
19 7 NA 01 NA 1/2
20 NA 11 NA NA 171
21 NA NA NA 171 7
22 7 NA 171 NA 2/2
23 1 0/1 0/1 NA 1/3
24 NA 11 0/2 NA 1/3
25 171 NA 0/1 NA 1/2
26 171 NA 0/1 171 2/3
27 1 11 71 NA 3/3
28 1 NA NA NA 7
29 7 01 01 NA 1/3
30 NA NA NA 1/1p 171
31 171 171 il NA 3/3
32 NA 11 171 0/1 2/3
33 7 NA 11 11 3/3
34 01 NA 0/1 0N 0/3

Bold represents rabies negative by ante-mortem testing.

"Detection by reverse-transcription-nested-PCR.

*Treated with coma induction, ribavirin and ketamine with a survival period of
8 days; samples of saliva and extracted hair follicles were tested by nucleic acid
sequence-based amplification and quantitative real-time PCR (detail in TABLE 4).
CSF: Cerebrospinal fluid; NA: Not available; p: Post-mortem collection.

35 NA 171 NA 0/1 1/2
36 11 NA 01 NA 1/2
37 11 0/1 NA 0/1 1/3
38 0/1 NA 7 0/1 1/3
39 NA NA NA 1/1p 11
40 2/4 01 2/4 171 5/10
41 2/2 01 01 NA 2/4
42 1717 1711 1717 0/1" 3/4
43 NA NA NA 0/1 0/1
44 11 NA 171 NA 2/2
45 11 NA 171 17 3/3
46 NA 01 NA NA 0/1
47 NA NA NA 7 11
48 11 NA 0/1 17 2/3
49 3/5 171 NA NA 4/6
50* 7/8 01 01 3/8 10/18
Total 45/53 11/25 16/36  13/25 85/139

Positivity 84.9% 44% 44.4% 52%

Bold represents rabies negative by ante-mortem testing.

"Detection by reverse-transcription-nested-PCR.

Treated with coma induction, ribavirin and ketamine with a survival period of

8 days; samples of saliva and extracted hair follicles were tested by nucleic acid
sequence-based amplification and quantitative real-time PCR (detail in TABLE 4).
CSF: Cerebrospinal fluid; NA: Not available; p: Post-mortem collection.

61.2%

testing saliva (47/62 samples, 75.8%) was higher than testing
extracted hair follicles (13/26 samples, 50.0%), CSF (13/30
samples, 43.3%) and urine (16/41 samples, 39.0%). However,
these results were unable to distinguish false-negatives from
true-negatives due to the absence of RNA extraction controls.
Seven patients had negative results from ante-mortem analysis.
Brain tissues from these patients were confirmed by NASBA
(patient numbers 6, 34, 42 in Tase 1 and P2 and P3 in TasLe 2),
DFA and RT-PCR (numbers 46 and P6 in Tasies 1 & 2, respec-
tively). Three false-negatives were cases of paralytic rabies
(patient numbers P2, P3 and P6 in Tase2). Saliva samples were
collected and examined on two consecutive days in all. In addi-
tion, patient P2 had CSF and urine tested on one occasion on
the same day. Patient P3 had urine tested on two consecutive
days. Patient P6 had CSF, urine and extracted hair follicles
tested simultaneously on one occasion. It is not known whether
the damaged nerves in paralytic rabies can influence the out-
come of laboratory results [42]. The remaining four test-negative
rabies patients were cases of furious rabies. Three (patients num-
bers 6,43, and 46 in Taeie 1) had only one specimen for analysis.
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Table 2. Results of ante-mortem diagnosis of six
paralytic rabies patients at Chulalongkorn

University Hospital during 1998-2009 by using
nucleic acid sequence-based amplification method.

P1 0/1 1/2 NA NA 1/3
P2 0/2 0/1 0/1 NA 0/4
P3 0/2 NA 0/2 NA 0/4
P4 11 NA NA NA 11
P5 11 171 0/1 NA 2/3
P6 0/2 0/1 0/1 0/1 0/5
Total 2/9 2/5 0/5 0/1 4/20
Positivity  22.2% 40% 0% 0% 20%

Bold represents rabies negative by ante-mortem testing.
CSF: Cerebrospinal fluid; NA: Not available.

Patient 34, with negative results, had saliva, urine and hair
follicles collected on day 2 after onset. He had been bitten by
a rabid dog on his nose and developed hydrophobic spasms
19 days later. He died on day 3 after onset. This underscores
the importance of repeating the test on the following day and
performing post-mortem examination despite having earlier
negative results, regardless of how many sample types had been
tested as negative. In conclusion, the recommended biological
samples to be used for ante-mortem human rabies diagnosis are
skin, saliva, CSF and urine.

Sample handling

Detection of rabies viral RNA by NATs may yield results that
are easily compromised by poor quality of sample collection and
storage. Besides techniques used and target gene design, results or
sensitivity may also depend on timing of sample collection related
to the clinical onset and the type of sample [34,35]. All specimens
from suspected rabies patients should be handled with caution and
considered infectious. Sample containers must be sealed securely.
Samples should be taken under sterile techniques in a sterile con-
tainer and transferred on ice to the laboratory within 24 h after
collection. If not, they should be stored frozen at -20°C or below
and then shipped frozen on dry ice.

Nucleic acid purification

The quality of extracted nucleic acid is fundamental for nucleic
acid detection. It needs to be purified and free from inhibitors,
and should be stored at -70°C or below with avoidance of repeated
freeze-thawing. The area for sample preparation should be sepa-
rate from amplification and post-amplification areas to prevent
contamination. A barrier pipette tip should be used in all nucleic
extraction steps, since as little as 20 ng of contaminating material
can produce a false-positive reaction [43]. A known rabies-negative
control sample should be included through all steps of extraction
and amplification.

Pre-extraction protocols may be needed for some samples to
enhance efficiency; such as homogenization of tissue sample [2s],
elution of sample from filter paper (30] or hair follicles and pro-
tease K digestion of formalin-fixed paraffin-embedded tissue [32]
and skin biopsy samples [34]. To increase the test sensitivity, a
larger amount of nucleic acid needs to be obtained during the
extraction procedure by increasing the volume of biological flu-
ids or the amount of tissue samples. Using Boom’s technique
(NucliSens Isolation Kit), which is based on silica-guanidine
thiocyanate [44] or QIAmp UleraSens Virus kit, up to 1-2 ml of
biological fluid are allowed.

There are various commercially available methods that can be
employed for the isolation of total or mRNA from biological
samples. RNA extraction with TRIzol®, a commercial reagent,
is the most common method for total rabies RNA purification.
TRIzol reagent is a monophasic solution of phenol and guani-
dine isothiocyanate. Cells or tissues are first lysed with TRIzol
reagent and chloroform is then added to the lysate, resulting in the
separation of the solution into an aqueous and an organic phase.
Removal of the aqueous phase is then followed by the subsequent
precipitation of the RNA with isopropanol. Extraction methods
based on the RNA-binding column containing a silica membrane
for recovery of RNA are available throught many manufacturers.
An appropriate column should be selected for the type of speci-
men, RNA and amount of starting material. The Qiagen RNeasy
Lipid Tissue® kit is optimized for use with fatty tissues, such as
brain tissue. It integrates optimized phenol/guanidine-based lysis
with RNeasy purification for isolation of high-quality total RNA
without phenol carryover.

Quality control

When performing RNA extraction, it is often advantageous to
have internal controls such as housekeeping genes (rRNA or
B-actin mRNA) or an exogenous control. Homologous and het-
erologous exogenous controls are those which do not naturally
occur within the specimen source [45]. A homologous control
contains the same flanking nucleic acid sequence at the target
nucleic acid to which the PCR primers anneal, but a different
internal sequence to which a probe anneals whereas heterologous
controls consist of separate amplifiable targets. These kinds of
controls are essential when using molecular tests based on RNA
detection. Indeed, without them, it is not possible to exclude
false-negative results.

B-actin mRNA can be used as an internal control to assess the
quality of the viral RNA template in TagMan RT-PCR assay
(39.46] or RT-nPCR of the large (L) polymerase gene of lyssaviruses
(34]. The rRNA assay was more sensitive than B-actin mRNA in
CSF samples due to the abundance of this target sequence [39].
The rRNA and rabies viral RNA from the mouse brain has been
shown to have similar degradation kinetics until 360 h at 37°C,
unlike B-actin RNA, which was degraded after 72 h when stored
at 4°C [47]. Therefore, rRNA is suitable as a control for viral target
integrity. Simultaneous amplification of the internal control (18S
tRNA) and Australian bat lyssavirus (ABLV) RNA was performed
by using differentially labeled probes in the same reaction [48].
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Exogenous controls, using spiked low numbers of RNA plasmid
instead of rRNA, can monitor minor inhibition [49]. For samples
such as urine or CSF, which are likely to contain very limited
amounts of cellular material, using exogenous controls are more
valuable than using housekeeping genes.

Nucleic acid amplification

Amplification target

The N gene is mostly conserved and strongly expressed in lyssa-
viruses. Its sequences have been the most exhaustively reviewed
[50-s2] and it has become the most common amplification target.
It has been extensively used as a target for real-time PCR assay
(Tasie 3). The 5" and 3" coding termini of the /V gene are more
conserved than the internal parts for all genotypes of lyssaviruses
21]. One primer and probe set on N gene was designed based on the
239 molecular genetics epidemiological data from Thailand (s3). It
was evaluated and used for the detection of rabies in Thailand and
neighboring countries. The lowest detection limit was 4.0 copies
per reaction (20 pl). For targets other than the /V gene, primers
targeting the glycoprotein (G) gene, G—L intergenic region and L
gene were designed and used for diagnosis and rapid determination
of rabies viruses isolated from various host species in Brazil by mul-
tiplex RT-PCR [54]. The effective detection limit of this method is
2 ng/ml RNA. The RT-hnPCR targeting conserved blocks in the
gene sequence of lyssavirus exhibited a sensitivity of 98.3% (59/60
samples) on skin biopsy specimens (20 mm? volume) [34]; whereas
RT-PCR examination of skin biopsy specimens (1 cm?; n=10) that
targeted the /V gene resulted in a sensitivity of 70% [ss]. The higher
sensitivity found in the former might be due to the difference in
amplification method, target gene and size or volume of the sample.
To clarify this, further comparison of the sensitivity between these
two genes using standard condition is needed.

Primer design

The utility of RT-PCR as a diagnostic test is partly limited by prim-
ers selected for whether they can efficiently amplify target genes
of all strains or genotypes of lyssaviruses. In one experiment mis-
matches of as many as 3 bp between an 18 bp primer and template
still yielded a detectable PCR product given that large amounts
of target RNA were present in the reaction [43]. Base mismatches
between target and primer or probe sequences can substantially
reduce assay sensitivity or even preclude detection completely. More
than four mismatches between viral target sequence and that of
TagMan primers (26 and 20 nucleotides of forward and reverse
primers, respectively) and probe (16 nucleotides) can result in a
weakly positive or negative result [56]. In another study, low effi-
ciency of probe-target binding was found with three mismatches
in the probe binding site (31 nucleotides) [53]. Four mismatches at
probe binding site prevent the generation of a fluorescent signal. The
efficiency of amplification can be increased by decreasing the size
of amplicon, using the space primers more closely or by using mix-
tures of primers or degenerate primers. cDNA amplification from
a low RNA integrity sample, such as formalin-fixed and paraffin-
embedded tissues, could be consistently achieved by using a primer
set with the resultant small amplicon size of 139 [57] or 150 bp [32].

Generic degenerate primers for detection of some or all lyssa-
viruses have been developed, which might enable the detection
of unexpected lyssaviruses other than rabies during rabies surveil-
lance [34,58]. One disadvantage of using highly degenerate prim-
ers is that the annealing temperature of the PCR must be low
enough to ensure effective pairing of the primers and the template
DNA. However, under low-stringency conditions, the likihood
of producing non-specific PCR products might increase. Three
sets of primers and probe for real-time PCR assay were designed
and evaluated based on 203 isolates representative of worldwide
diversity of rabies virus [39]. However, these primer and probe sets
could detect genotype 1, 5 and Khujand.

Reverse-transcription PCR

Since rabies is a RNA virus, the amplification procedure consists
of the RT of the viral RNA genome or target viral transcript into
cDNA. This is followed by the amplification of the cDNA using
PCR. RT is performed by using a specific sense primer [26,28,33,59]
and/or random primers [12,34.47] to synthesize cDNA from viral
RNA. The use of both sense and anti-sense primers in the RT
step to synthesize cDNA from mRNA and viral RNA has been
reported [11,25,27].

Single-tube RT-PCR utilizes a single buffer system for both
RT and PCR without interruption as a single thermal cycling
program [60]. This can avoid cross-contamination from multiple
steps of manipulation. Other one-step RT-PCR protocols for
rabies, using commercial kits, have been reported [49:54.61,62].
The one-step real-time RT-PCR method is more sensitive than
the two-step protocol using a positive sense primer for RT [39].
The former allows detection of negative and positive sense RNA,
while the two-step method is directed exclusively to the negative
strand. Nested PCR is another method in which the product
of a primary PCR is subjected to a second round of amplifica-
tion that uses primers internal to those employed in the first
round. Heminested PCR employs one of the first-round primers
in combination with an internal primer in the second PCR. As
little as 8 pg of RNA from a viral suspension can be detected by
RT-nPCR of 524-bp PCR product of the NV gene [25]. The detec-
tion limit of the RT-hnPCR method for CVS-11 fixed rabies
virus was 0.0016 TCID50 (31]. The RT-hnPCR was more sensitive
than RT-PCR. In 50 thawed brain samples from different animal
species, 26 (52%) were positive for RT-PCR and 45 (90%) for
hnRT-PCR [27]. The RT-hnPCR showed a higher sensitivity than
the one obtained with MIT or RTCIT [62). Although these re-
amplification methods are ten- to 100-fold more sensitive than
standard primary amplification, the risk of cross-contamination
is increased. The use of well-matched primers for first-round PCR
in most circumstances should preclude the need for a nested
approach [43].

Detection of PCR product

PCR products are commonly separated according to size by elec-
trophoresis through agarose gel, followed by staining with ethid-
ium bromide, an intercalating dye, between bases, and this is
visualized under UV light. More sensitive and specific methods
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of detection than visualization by gel electrophoresis are employed
by hybridization of the amplicon to rabies specific oligonucleotide/
DNA probes. This is done by either transfer of the product to a
membrane, known as Southern blot hybridization [62.63] or by an
ELISA-based method [64]. Southern blot hybridization was used
for confirmation of RT-PCR products from an Ethiopian wolf
brain specimen which was previously designated as rabies negative
by both DFA and MIT [24]. RT-PCR and ELISA was up to 100-
fold more sensitive than Southern blot hybridization, detecting
0.00002 TCID, /ml of a genotype 1 [64]. The amplified product
can also be confirmed by restriction endonuclease analysis [60] or by
nucleotide sequencing [11.49]. For lyssavirus genotype identification,
sequencing remains the best method.

Real-time PCR

Real-time PCR technology is based on the detection and quantita-
tion of a fluorescent reporter, which increases in direct proportion
to the amount of PCR product in a single reaction. The higher the
starting copy number of the nucleic acid target, the sooner a signifi-
cant increase in fluorescence is observed. Fluorescent chemistries
commonly used include nonspecific compounds, such as the DNA
intercalating dyes SYBR Green or sequence-specific oligoprobes that
carry a donor and quencher fluorophor. These technologies also offer
other advantages over conventional RT-PCR, including faster assay
time (2—4 h compared with 12-20 h for conventional RT-PCR and
DNA sequencing), the reduced risk of contamination due to the
closed tube system (lack of post PCR manipulation of amplified
products) and the ability to amplify and detect a number of dif-
ferent targets simultaneously. Taeee 3 summarizes the main points
of the real-time PCR assay developed for detection of rabies virus.

SYBR green real-time PCR was developed to quantify the
European bat lyssavirus type 2 RNA load within bat organs [65].
High levels of genomic RNA were found in the brain and were
also detectable in tongue, bladder and stomach. The quantity of
rabies virus determined by the TagMan real-time PCR assay cor-
related significantly with that estimated through virus isolation
by the MIT [s6]. In some cases, they may replace the need for
time-consuming viral titrations as MIT [39]. TagMan real-time
PCR assay is a simple tool for assessing viral load in the brains
of furious and paralytic dogs, for which much larger quantities
were found in the former [66] and in biological samples of rabies
patients who received treatment [14,39].

A case of furious rabies was treated at our hospital with coma
induction, ribavirin and ketamine [14]. Results of NASBA and
TagMan-based quantitative assay, however, were not concordant
on all specimens tested during 8 days of hospitalization (Taste 4).
NASBA showed higher sensitivity than TagMan real-time PCR.
This is similar to the previous comparison with RT-nPCR [40].
Three out of eight (days 1, 3 and 4) and one out of six (day 1)
extracted hair follicle specimens tested positive by NASBA and
TagMan-based quantitative assay, respectively (Taste 4). Saliva
was negative for rabies viral RNA by NASBA on day 1 but was
positive by both methods from days 2 to 8. Contrary to the
report from a similar rabies patient, who was treated with the
Milwaukee protocol and had reduction of rabies viral load in

saliva specimens over time (39], the viral load in our patient rose
from 43.3 copies/ml on day 1 to 432,000 copies/ml on the day
of this death (TABLE 4).

Real-time PCR methods have valuable potentials for human
ante-mortem rabies diagnosis. One-step TagMan real-time PCR
assay was used for the detection of viral RNA in the 27 rabies
suspected cases of which only three patients were rabid (i.e., eight
samples from which seven were found positive) (39]. The TagMan
assay was also able to detect virus in the saliva and a nuchal skin
biopsy of a patient with ABLV infection [67). The SYBR Green
real-time PCR assay was developed and applied for ante-mortem
diagnosis of rabies using human saliva samples [68]. The higher
sensitivity than with conventional PCR found in these real-time
PCR assays (Tasie 3) and their ease of use suggest that they may be
valuable for routine diagnosis of rabies infected cases.

TagMan assay
TagMan assay is one of the most popular chemistries employed by
real-time PCR. It uses dual-labeled oligonucleotide probes that are
labeled at the 5" end by a reporter dye and at the 3’ end by a quencher
that prevents emission of reporter dye until the two are in close
proximity. The probe detection system represents an advantage on
specificity over the conventional RT-PCR. There was a higher level
of analytical specificity than with RT-PCR during routine analysis
at the Australian Animal Health Laboratory of over 100 samples [48].
A rapid TagMan real-time assay can offer both detection and
discrimination of lyssavirus genotypes or biotypes. Eight differ-
ent probes, comprising three genotype 1-specific probes and one

Table 4. Results of rabies testing in a patient

treated with coma induction, ribavirin
and ketamine.

1 Saliva Negative ND
Hair follicles Positive 433

2 Saliva Positive 6410
Hair follicles Negative 0

3 Saliva Positive 102,000
Hair follicles Positive 0

4 Saliva Positive 171,000
Hair follicles Positive 0

5 Saliva Positive 75,900
Hair follicles Negative 0

6 Saliva Positive 242,000
Hair follicles Negative 0

7 Saliva Positive 67,400
Hair follicles Negative ND

8 Saliva Positive 432,000
Hair follicles Negative ND

fgRT-PCR: Quantitative TagMan real-time PCR (method used as described in [53]).
NASBA: Nucleic acid sequence-based amplification; ND: Not determined.
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probe each for genotypes 2—6, were designed to discriminate
lyssavirus genotype 1-6 [69]. In another report, three distinct
probes with different reporter dyes were designed to distinguish
between genotypes 1, 5 and 6 in one reaction tube [46]. Two
biotypes of ABLV from flying foxes and insectivorous bats could
be detected and discriminated by two distinct TagMan primer
and probe sets [48.67].

The sensitivity of the real-time assays, either with TagMan or
SYBR Green, is often comparable with or even better than conven-
tional RT-PCR or nested PCR [39.46,48,67.68]. The TagMan-based
assay was 1000-fold more sensitive than traditional RT-nPCR
in raccoon rabies viral standard stock [39]. One-step TagMan
RT-PCR was ten-fold more sensitive than the RT-hnPCR and
the limit of detection of rabies virus was 0.1 and 10 TCID, /ml,
respectively [70]. Heminested PCR was more sensitive than the
primary TagMan real-time PCR that using cDNA as template [71].
However, comparable results were shown when the primary PCR
amplicons were used as templates in the TagMan real-time PCR.

SYBR Green assay

The products of SYBR Green-based real-time PCR can be detected
by a DNA-intercalating dye (SYBR Green), which detects all
double stranded DNA products within a reaction. PCR product
confirmation can be achieved with nonspecific fluorescent dyes by
performing melting (denaturation) curve analysis at the comple-
tion of the amplification. SYBR Green detection chemistry is
preferable when more variability of probe-target binding sites is
presented. SYBR Green real-time PCR assay has been reported for
ante-mortem diagnosis in humans with 87.5% (21/24 patients)
sensitivity in saliva [68]. Its sensitivity was higher than in conven-
tional nested PCR (75 vs 37%). The SYBR Green real-time PCR
assay has potential for detection of rabies virus in samples from
live rabies-suspected dogs. In this study, 13 out of 15 dogs (87%)
had positive saliva and four out of 15 had positive CSF by SYBR
Green assay when primary PCR product was used as the template
[41). However, the negative result on ante-mortem specimens could
not be used to rule out rabies due to the intermittent shedding on
these human and animal specimens.

Isothermal amplification

Nucleic acid sequence-based amplification

Nucleic acid-amplification tests other than PCR have been
developed for diagnostic purposes. NASBA is an enzymatic
amplification process that is able to amplify under isothermal
conditions. The three enzymes involved in the amplification reac-
tion are avian myeloblastosis virus reverse transcriptase, £. coli
ribonuclease H and T7 RNA polymerase; each acting continu-
ously on its appropriate substrate(s), for amplification of sense
or anti-sense target RNA [72]. The specificity of the reaction is
determined by two oligonucleotide primers that are specific to
the RNA target. One of these contains a 5’-terminal T7 RNA
polymerase promoter sequence (primer 1) in addition to a stretch
of nucleotides that is complementary to a sequence on the tar-
get RNA. The second primer (primer 2) encompasses a short
sequence that is identical to a segment of the target and is located

upstream of the region where the T7 promoter containing oligo-
nucleotide can anneal. The NASBA reaction continues in a self-
sustained manner under isothermal conditions, thus achieving
dramatic amplification in a short period of time. Amplification
of approximately 10°~10°-fold can be obtained within 90 min.
The products of NASBA are single-stranded RNA, and can be
applied to detection formats that use probe hybridization with-
out any denaturation step. The RNA products can be detected
specifically by a chemiluminescent probe using an electrochem-
iluminescence reader, provided that a non-related sequence of
primer 2 is recognized by a reporter probe. This method showed
100-fold higher sensitivity over RT-nPCR and the whole process,
including automated extraction and isothermal amplification,
and detection can be completed within 4 h [40). NASBA has
been used to detect rabies virus RNA in saliva, CSF and urine of
human rabies patients [35.37.40]. A real-time NASBA technique has
recently been developed; however, this has not yet been applied
in the detection of rabies.

RT-loop-mediated isothermal amplication

Loop-mediated isothermal amplication (LAMP) is a one-step
amplification reaction that amplifies a target DNA sequence
with high sensitivity and specificity under isothermal conditions
(73]. The principle is based on strand displacement by Bsz poly-
merase and formation of a stem—loop structure by four specifi-
cally designed primers that recognize six distinct regions on the
target DNA at a constant temperature (~65°C). It provides high
amplification efficiency, with DNA being amplified 10°~10" times
in 15-60 min. Because of its high specificity, the presence of
amplified product can indicate the presence of the target gene.
The one-step RT-LAMP method for detection of rabies has been
developed based on using five specific primers, including two
outer primers, one loop primer and two inner primers [74]. It can
detect 10° copies of synthetic viral RNA and has demonstrated
ten- to 100-fold higher sensitivity than conventional RT-PCR.
The specificity of the RT-LAMP products can be confirmed by
Rsa I restriction enzyme. The primer set designed for detection of
fixed CVS-11 strain could not amplify the rabies virus from the
Philippines. In total, 24 nucleotide differences between primer
set and target were found (74]. The obstacle of using RT-LAMP
for widespread rabies diagnosis is that designing a primer set that
can be used for the amplification of many rabies virus strains
originating in the different region, requires several primers that
target six different regions.

Microarray analysis

Resequencing technology using microarrays is very promising for
bacterial and viral pathogen detection and identification [75.76]. It
can be used for detection of rabies virus genome in complex mix-
tures of encephalitis pathogens in the presence of clinically back-
ground DNA (76]. Whole-transcriptome amplification (WTA),
the modified whole-genome amplification, is applicable for cONA
amplification of a whole range of RNA virus genomes, prior to
the resequencing microarray step [77]. Based on this technique,
Vesiculovirus and Lyssavirus, which belong to phylogenetically
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distinct genera, were identified with a call rate of 96.8 and 73.6%,
respectively. The presence of eukaryotic nucleic acids did not
prevent the amplification using WTA or the downstream iden-
tification of the pathogen on DNA microarrays. WTA provides
considerably better sensitivity and accuracy of detection compared
with random RT-PCR. DNA microarray-based assays for simulta-
neous detection and genotyping of all seven lyssaviruses, includ-
ing Aravan, Khujand, Irkut and West Caucasian bat viruses, and
identification of new divergent isolates have been developed [78].
Lyssavirus RNA was converted to cDNA and amplified in a ran-
dom PCR, labeled and hybridized to probes on the microarray
chip before being statistically analyzed. The lyssavirus/pestivirus
chip correctly identified and distinguished the seven lyssavirus
genotypes using an array containing 624 70-mer probes. The
probes targeted a 405-bp region of the relatively conserved N
gene (nucleotides 71-475). This new molecular tool for detec-
tion of rabies virus is beyond the capacity of the laboratories in
most rabies-endemic countries of Asia and Africa and may not be
appropriate for use as a diagnostic method at present.

Expert commentary

Proper management of a suspected patient with rabies virus
requires rapid and accurate diagnosis. The appropriate ante-
mortem diagnostic methods should have high sensitivity that is
sufficient for early detection of a very low load of rabies viral RNA
in biological samples. NAT(s) can be performed within hours and
therefore serve this purpose. They have emerged as an adjunct to
other tests or even as a sole procedure in experienced facilities for
post- and ante-mortem diagnosis. The virus may be intermittently
shed or present at very low levels in biological fluids, peripheral
nerves and tissues other than brain. For this reason, NAT methods
are not recommended as the principal diagnostic tool for animal
rabies. Factors that may influence the quantity and quality of viral
RNA are the stage of rabies infection, type of sample available for
testing or proper handling of samples. RNA extraction control
systems have been used for control of the RNA integrity to avoid
false-negative results in each individual tube. These may be due to
handling errors, the presence of enzyme inhibitors or viral RNA
degradation. The quality and quantity of viral RNA can affect the
efficiency of primer binding and amplification. Direct comparison
of the sensitivity of the various RT-PCR, RT-nPCR, RT-hnPCR
and real-time PCR assays for rabies described in the literature is
difficult due to the use of different reference standards. Future
comparison of these methods with the same proficiency control

tests would be helpful in the standardization of this technology
especially in terms of quantification. A major pitfall of NAT is the
ease by which sample cross-contamination can occur, especially
in nested PCR. Standard precautions have to be taken seriously
to avoid carryover contamination in all NAT process. The posi-
tive conventional PCR products should be sequenced to confirm
the origin of the virus and to rule out possible contamination.
Validations of the procedures using an array of local virus strains,
unlike the laboratory virus strain, have to be performed regularly.
Inter-laboratory collaboration and test standardization will allow
for a better understanding of global rabies epidemiology.

Five-year view

The molecular diagnosis of rabies virus based on nucleic acid-
amplification methods 5 years ago was focused on developing
timely and sensitive ante-mortem diagnosis in humans. The recent
technology of real-time PCR provides a result with better sensitiv-
ity and can shorten the time in making a diagnosis. More generic
primer sets have also been developed to detect worldwide diversities
of rabies viruses, among which some can be used to distinguish
different genotypes of lyssaviruses. Several biological samples, such
as skin biopsy with hair follicles, extracted hair follicles and urine,
serve as alternate sources for rabies viral RNA detection. Allying
sequence-independent amplification methods to microarray, simul-
taneously aids detection and discrimination of lyssaviruses at the
genotypic level in biological samples. This may form the basis of
a diagnostic biochip. In the future, technologies, such as micro-
spheres, microfluidics and nanotube microarray, might provide
additional advantages over conventional glass microarray platforms
in terms of sensitivity and processing speed. Increasing trends in
the development and evaluation of NATs should promote better
recognition of the rabies problem and its threat to the public.
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Key issues

e Modern molecular techniques for diagnosis of rabies have recently been developed with promising results. They offer advantages in

both post- and ante-mortem diagnosis.

e An earlier confirmation of diagnosis leads to better clinical care of humans and avoids contamination of hospital attendants.
e Good sample collection and preparation can increase success of molecular diagnosis.
e Discrimination of the virus based on real-time or multiplex PCR allows the obtainment of a diagnosis and strain differentiation in the

same reaction.

¢ Nucleic acid-amplification tests can be used as an adjunct to direct fluorescence antibody testing, when unexpected or unusual

fluorescent staining patterns are observed.
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ABSTRACT

Five methods for the RNA detection of rabies virus were directly compared in this study. These included
conventional nucleic acid sequence-based amplification with electrochemiluminescence (NASBA-ECL)
assay, reverse transcription (RT)-heminested (hn) polymerase chain reaction (PCR) and TagMan real-
time RT-PCR using protocols as described previously. The first two methods have been routinely utilised
for ante-mortem diagnosis of human rabies in Thailand and other rabies-endemic Asian and African
countries. In addition, two real-time NASBA assays based on the use of a NucliSens EasyQ analyser
(NASBA-Beacon-EQ) and LightCycler real-time PCR machine (NASBA-Beacon-LC) were studied in par-
allel. All methods target the N gene, whereas the L gene is used for RT-hnPCR. Using serial dilutions of
purified RNA from rabies-infected dog brain tissue to assess sensitivity, all five methods had comparable
degrees of sensitivities of detection. However, both real-time NASBA assays had slightly lower sensi-
tivities by 10-fold than the other three assays. This finding was also true (except for TagMan real-time
RT-PCR due to a mismatch between the target and probe sequences) when laboratory-adapted (chal-
lenge virus standard-11) virus was used in the assays. Testing on previously NASBA-ECL positive clinical
samples from 10 rabies patients (saliva [6] and brain [4]) and 10 rabies-infected dog brain tissues, similar
results were obtained among the five methods; real-time NASBA assays yielded false-negative results
on 2 saliva samples. None of the assays showed positive results on cerebrospinal fluid specimens of 10
patients without rabies encephalitis. Due to the unavailability of the NASBA-ECL assay, the results show
that TagMan real-time RT-PCR and RT-hnPCR can be useful for ante- and post-mortem diagnosis of rabies.

© 2011 Elsevier B.V. All rights reserved.

Diagnosis of human rabies in living specimens using nucleic acid
amplification tests is becoming a standard procedure. Although the
direct fluorescent antibody (DFA) test on brain impression smears
is the gold standard for rabies post-mortem diagnosis, it may yield
a false negative result when the brain tissue starts to decompose,
which can lead to omission of rabies post-exposure prophylaxis.
Detection of rabies viral RNA can be used as an alternative or
to confirm a DFA negative result, and it can be completed more
rapidly with superior sensitivity than either the mouse inoculation
or rabies tissue-culture infection test (Picard-Meyer et al., 2004).
Diagnosis of rabies in living humans is important to prevent con-
tamination of health personnel and individuals who have been in
close contact with infected patients. Exposure to mucous mem-
branes such as conjunctiva and to areas of broken skin may occur

* Corresponding author. Tel.: +66 2 256 4000x3561; fax: +66 2 652 3122.
E-mail address: spwa@hotmail.com (S. Wacharapluesadee).

0166-0934/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jviromet.2011.05.007

during care of the patient, and rabies post-exposure prophylaxis is
then required. The specimens for human ante-mortem testing such
as saliva, urine and cerebrospinal fluid (CSF) cannot be processed
by DFA so nucleic acid amplification tests are the method of choice
(Wacharapluesadee and Hemachudha, 2001; Dacheux et al., 2008).
This finding is also true in the case of skin biopsy tissue contain-
ing hair follicles, as immunohistochemical techniques on frozen
sections may not be practical.

The sensitivity of diagnosing rabies using nucleic acid amplifi-
cation tests may also depend on types of technology, target gene
sequence of amplification and selection and amount of samples.
Other factors that might have an influence on test sensitivity are
the intermittent nature of viral shedding, the clinical type of disease
(furious versus paralytic) and time after clinical onset at which the
specimen is collected. Nucleic acid sequence-based amplification
assay with electrochemiluminescence detection (NASBA-ECL) has
been shown to be of greater sensitivity than reverse-transcription
polymerase chain reaction (RT-PCR) in terms of the detection
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limit (0.04pg and 4.0 pg, respectively) (Wacharapluesadee and
Hemachudha, 2001). TagMan-based quantitative RT-PCR was
100-1000 times more sensitive than nested RT-PCR (0.01 and 100
of 50% tissue culture infective dose equivalent unit, respectively)
(Nadin-Davis et al., 2009). These techniques target sequences in the
nucleocapsid (N) gene. The RT-heminested PCR (RT-hnPCR) target-
ing the large (L) polymerase gene was demonstrated to be sensitive
and reproducible for the detection of 6 species of lyssaviruses
(Dacheux et al., 2008). In case of Rabies virus species (formerly
genotype 1), the mean threshold for detection was 4.94+6.1 flu-
orescence forming units.

Sources of specimens for nucleic acid amplification tests for
ante-mortem rabies detection include saliva, CSF, extracted hair
follicles, biopsied skin tissue at the nape of the neck contain-
ing hair follicles and urine. Sensitivity ranges from 39% to >98%.
The results of data collected from 56 patients using the NASBA-
ECL method revealed that this method was more sensitive when
using saliva (47/62 specimens, 75.8%) compared to extracted hair
follicles (13/26, 50%), CSF (13/30, 43%) and urine (16/41, 39%)
(Wacharapluesadee and Hemachudha, 2010). The RT-hnPCR tar-
geting the L gene exhibited the highest sensitivity (>98%) when
performed on skin biopsy specimens (20 mm? volume) regardless
of time points after clinical onset (Dacheux et al., 2008).

The present study compared five molecular methods based
on the amplification of N and L genes for the detection of
rabies virus. RT-hnPCR (Dacheux et al., 2008) and NASBA-ECL
(Wacharapluesadee and Hemachudha, 2001) are the methods
used currently in Thailand and different other Asian and African
countries. Some other methods included a one step TagMan
real-time RT-PCR (Wacharapluesadee et al., 2008) and molecular
beacon-based real-time NASBA with a NucliSens EasyQ analyser
(bioMérieux, Boxtel, The Netherland). Both are being introduced
to replace NASBA-ECL in Thailand. Molecular beacon-based real-
time NASBA with a Light Cycler apparatus (Roche Diagnostics,
Mannheim, Germany) was also evaluated in this study. It is impor-
tant to note that RT-hnPCR targets the L gene, whereas the
remaining methods target the N gene.

NASBA is a single-step isothermal amplification technology that
has been used to detect a number of RNA viruses. Amplified RNA
products are detected by hybridisation using ECL-labelled probes.
Rabies detection by NASBA-ECL was performed as described pre-
viously (Wacharapluesadee and Hemachudha, 2001). Briefly, 5 .l
of RNA extract was added directly to the primer mixture. A two-
step incubation of 5 min at 65°C and 5 min at 41 °C was performed
before adding 5wl of enzyme mixture. The amplification was
performed at 41°C for 90 min. The amplification products were
identified by ECL detection using the NucliSens Basic Kit detection
module and the NucliSens Reader (bioMérieux).

Alternatively, RNA amplified by NASBA can be specifically
detected in real time through the use of a molecular bea-
con probe included in the amplification reaction (Landry et al.,
2005). Primers and molecular beacon probes for real-time NASBA
(NASBA-Beacon) were based on the same nucleotide sequences as
in the NASBA-ECL (Wacharapluesadee and Hemachudha, 2001).
The molecular beacon probe consisted of the sequence 5'-
CGATCGACTGTGCCCACTCTGATTGCTGAATCGATCG-3’ with under-
scored bases comprising the stem regions. The 5 end of
the molecular beacon was labelled with reporter dye 6-
carboxyfluorescein (FAM) and the 3’ end with the non-fluorescent
quencher 4-(4-dimethylaminophenylazo)-benzoic acid (DABCYL).
The amplification and simultaneous detection of NASBA-Beacon
can be performed by using the NucliSens EasyQ analyser
(bioMérieux) as recommended by the manufacturer or using other
real-time PCR instruments, such as the glass capillary, PCR tube or
plate-block format (Costa et al., 2008; Gore et al., 2003; Templeton
etal., 2003; Lanciotti and Kerst, 2001). Two real-time NASBA assays

were employed in this study based on the use of a NucliSens
EasyQ analyser (NASBA-Beacon-EQ) and LightCycler real-time PCR
machine (NASBA-Beacon-LC).

The NASBA-Beacon-EQ reaction was performed using the
NucliSens basic kit (bioMérieux). Each reaction mixture consisted
of 0.2 wM of each primer, 0.1 M of molecular beacon probe, 5 1
of RNA template and 5 .l of NASBA enzyme mixture (T7 RNA poly-
merase, avian myeloblastosis virus reverse transcriptase, RNase H,
bovine serum albumin) in a total volume of 20 1. The enzyme mix-
ture was added after the rest of the reaction mixture was incubated
at 65°C for 2 min and at 41 °C for another 2 min. The results were
analysed using the NucliSens Easy Q Analyser (bioMérieux). The
development of fluorescence was monitored in closed tubes for
90 min at 41 °C according to the manufacturer’s instructions.

The NASBA-Beacon-LC assay was performed using the NucliSens
Basic Kit (bioMérieux) as described previously (Costa et al., 2008)
with minor modifications. Briefly, the amplification mix con-
sisted of 80mM KCI solution, 0.2 M of primers and 0.1 uM
of the molecular beacon probe in the reagent premix buffer.
For each amplification reaction, 5wl of extracted nucleic acid
was added to the amplification mixture. Following a two-step
incubation of 2min at 65°C and 2min at 41°C, 5ul of the
enzyme mixture was added and incubated for an additional
2min at 41 °C. The amplification and simultaneous detection were
performed using a LightCycler instrument (version 2.0; Roche
Diagnostics). The 20wl of reaction mixture was incubated at
41°C for 90 cycles with 1min acquisition at a wavelength of
530 nm.

The primer sets used in RT-hnPCR were described previously
(Dacheux et al., 2008). RT and hnPCR conditions were slightly mod-
ified as follows. RT of RNA to complementary DNA (cDNA) was
performed with the ImProm-1I™ Reverse Transcription System
(Promega, Madison, WI, USA). Four microliters of extracted RNA
were incubated at 70°C for 5min with 1l of random primers
(500 pg/ml), cooled on ice and added to 15 pl of RT reaction mix.
After incubation at 42 °C for 60 min, 2 j.l of cDNA was added to the
PCR reaction in a 25 ul total volume reaction mixture containing
2mM magnesium chloride, 200 wM of each nucleotide triphos-
phate, 1.25U of Taq polymerase (GoTaq®, Promega) and 0.6 WM
of primer PVO5 m (5-ATGACAGACAAYYTGAACAA-3') and primer
PVO9 (5-TGACCATTCCARCARGTNG-3') for the first round of PCR
and primers PVO5m and PVO8 (5'-GGTCTGATCTRTCWGARYAATA-
3’) in the second round of PCR. The thermal profile in both PCR
rounds was in the following order: 3 min denaturation at 94 °C and
35 cycles of 30 s of denaturation at 94°C, 45 s of annealing at 56 °C
and 45 s of elongation at 72 °C. Elongation was extended for 3 addi-
tional min in the last cycle. The second round PCR product of 249
base pairs was analysed on a 2.0% agarose gel containing ethidium
bromide.

One step TagMan real-time RT-PCR for rabies virus detection
was performed as described previously (Wacharapluesadee et al.,
2008). In brief, TagMan PCR reactions were performed in 20 .l of
PCR buffer containing 10 .l of 2 x QuantiTect ™ Probe RT-PCR Mas-
ter Mix (Qiagen Inc., Valencia, CA, USA), 20 pmol each of forward
and reverse primers, 4 pmol of probe and 5wl of extracted RNA.
The reaction was performed in a 20 wl glass capillary on the Light-
Cycler real-time PCR version 2.0 (Roche Diagnostics). The thermal
profile was set for 1 cycle at 50°C for 20 min, 1 cycle at 95°C for
15 min, 45 cycles of 95 °C for 0 min [a denature temperature of PCR
profile at 95 °C for 05, according to the manufacturer’s instructions
(QuantiTect™ Probe RT-PCR Kit, Qiagen)] and annealing/extension
at 60°C for 1 min.

In this study, rabies viral RNA samples were obtained from nat-
urally infected dog brain tissue and laboratory adapted challenge
virus standard (CVS)-11. For determination of assay sensitivity,
10-fold serial dilutions of RNA from CVS-11 and street viruses
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Table 1

Comparison of NASBA and PCR detection systems for detection of rabies viruses.
Sample (dilution) NASBA-ECL? NASBA-Beacon-EQ NASBA-Beacon-LC¢ TagMan RT-PCR¢ RT-hnPCR®
CVS (10-4)f +[+[+ +[+[+ +[+[+ ND +[+[+
CVS (10-9%) +[+[+ +[+[+ +[+[+ ND +[+[+
CVS (10-°) [+ =I=I- =I=I- ND H[+
CVs(1077) +=[- === === ND ===
CVS (10°%) ==/ S =I-I- ND o
D4 (10-3)8 +[+[+ +[+[+ +[+[+ +[+[+ +[+[+
D4(10*4) +[+[+ +[+[+ +[+[+ +[+[+ +[+[+
D4 (10*5) +[+[+ +[+[+ +[+[+ +[+[+ +[+[+
D4 (10°5) [+ =[+/- =I-I- [+ +=[+
D4(10°7) +-|- |- -1~ -1~ |-
D4 (10-%) ~I-I- ~I-I- ~I-I- ~I-I- ~I-I-

ND =not done due to mismatch between probe and target.
2 NASBA assay with electrochemiluminescence detection.

Real-time molecular beacon NASBA performed with the NucliSens EasyQ analyser.

b
¢ Real-time molecular beacon NASBA performed with the LightCycler real-time PCR machine.
d

One step TagMan real-time RT-PCR.
¢ RT-heminested PCR.
f RNA concentration=0.018 ng/.l.
& RNA concentration=0.374 ng/l.

were tested. RNA extracts of these samples were tested in tripli-
cate in three different runs. The original stock titer of the CVS-11
rabies virus was 10~% of the 50% tissue culture infective dose.
The High Pure RNA Isolation Kit (Roche Diagnostics) was used to
extract RNA from 50 ul of CVS-11 virus stock according to the
manufacturer’s instructions. The concentration of total RNA, as
determined by OD (A260) measurement, was 180 ng/ul. The RNA
samples were diluted serially with RNase-free water to dilutions
of 10~4-10-8 and used for testing. The experiments were repeated
using naturally rabies-infected dog brain, and all five methods were
employed. Total RNA was extracted directly from dog brain tissue
using an RNeasy Lipid Tissue Mini Kit (Qiagen). The concentration
of total RNA was 374 ng/pl. Serial dilutions of 10~3-10-8 were
used (Table 1), and 5 .l of RNA template was used in each reac-
tion. The RNA amount for each amplification reaction contained
the same final concentration. For example, at a dilution of 10~ of
CVS-11 rabies RNA, the final RNA concentration per reaction was
0.0045 ng/p.l. A volume of 5 jul of RNA template (0.018 ng/j.l) con-
tained 0.09 ng of total RNA in one NASBA or real-time PCR reaction
(20 1), while 2 .l of cDNA at a concentration of 0.05625 ng/u.l was
added to a 25 l reaction of RT-hnPCR.

The results showed a similar limit of detection pattern regard-
less of the rabies viral RNA source (Table 1). NASBA-ECL, TagMan
real-time RT-PCR and RT-hnPCR had equal limits of detection at
106 dilution of street rabies viral RNA (D4). In the NASBA system,
the limit of detection of NASBA-ECL was 10-fold more sensitive
than NASBA-Beacon-EQ and NASBA-Beacon-LC (dilution of 10-6
as compared to 10~> and 10->, respectively). A similar result
was found when using CVS-11 as a target on NASBA-ECL and
RT-hnPCR. TagMan real-time RT-PCR was not included in this com-
parison due to a mismatch between target and probe sequences
(Wacharapluesadee et al., 2008).

All five methods yielded negative results when performed on
CSF samples of 10 patients with encephalitis including herpes
simplex virus type 2 (2 samples), Japanese encephalitis virus (2
samples), cytomegalovirus (2 samples), varicella-zoster (2 sam-
ples) and Epstein-Barr viruses (2 samples) (data not shown).
NASBA-ECL positive clinical samples from 10 patients (6 saliva and
4 brain samples) and 10 naturally rabies-infected dog brain sam-
ples were re-examined by the other four molecular methods. All 20
samples were positive by TagMan real-time RT-PCR and RT-hnPCR
assays. Real-time NASBA assays yielded false negative results on 2
saliva samples (data not shown).

This is the first time that detection of rabies virus in clinical
specimens from patients and rabies-infected dogs were compared

among different assay systems in terms of their sensitivity by
using the same RNA preparation. The NASBA assays used two
formats for the detection of amplicons; end-point detection by
post-amplification hybridisation with ECL probe or using real-time
molecular beacon as probe. There was no statistically signifi-
cant difference (p=1.00, exact McNemar's test) in the sensitivity
between NASBA-Beacon-EQ and -LC. Both real-time NASBA assays
had slightly lower sensitivities than the NASBA-ECL. This finding
was similar to previously published reports (Hibbitts et al., 2003;
Landry et al., 2005). However, other reports have shown simi-
lar degrees of sensitivity between these methods (Loens et al.,
2006; Yoo et al., 2007). The NASBA-ECL assay has been used as a
routine technique for ante-mortem diagnosis of suspected rabies
patients at King Chulalongkorn Memoria Hospital between 1998
and 2009 (Wacharapluesadee and Hemachudha, 2010). Of 50 furi-
ous rabies patients, the highest percent of positivity was found in
saliva (45 [84.9%] of 53 specimens), followed by three other types
of specimens; hair follicles, urine and CSF (13 [52%] of 25 speci-
mens, 16 [44.4%] of 36 specimens and 11 [44%] of 25 specimens,
respectively). This assay showed superior sensitivity to nested
RT-PCR, which targeting the N gene, in ante-mortem specimens
(Wacharapluesadee and Hemachudha, 2001). Because there was
no alternative source of reagents that could be used, the real-time
NASBA format using a molecular beacon probe was developed to
replace the ECL system.

The RT-hnPCR assay targets conserved blocks in the L poly-
merase gene of rabies virus, and its sensitivity was comparable to
those of other assays. This assay was developed for routine ante-
mortem diagnosis in suspected rabies patients (Dacheux et al.,
2008), and it has demonstrated high specificity (100%) and sen-
sitivity (100%) as performed on skin biopsy specimens from 29
patients at hospital admission. It is not known whether the modi-
fied protocol in this study affected the test sensitivity of RT-hnPCR.
Furthermore, this assay was not applied to skin biopsy samples in
this study.

TagMan real-time RT-PCR demonstrated a similar limit of detec-
tion to NASBA-ECL or the RT-hnPCR assay and had a slightly higher
sensitivity than real-time NASBA assays (p = 1.00, exact McNemar’s
test). These results were concordant to other studies. For example,
real-time RT-PCR and NASBA-ECL had an equal detection limit in
detecting Leishmania parasites (van der Meide et al., 2008) or St.
Louis encephalitis (Lanciotti and Kerst, 2001). However, discordant
results could also be found. The NASBA-Beacon-LC assay demon-
strated a higher level of sensitivity than TagMan real-time RT-PCR
for enterovirus detection (Costa et al., 2008). On the other hand,
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real-time RT-PCR assays were 100-1000 times more sensitive than
the nested PCR for rabies detection (Nadin-Davis et al., 2009).

The TagMan real-time RT-PCR platform for the detection of the
rabies virus is currently used in many laboratories. The quantifica-
tions of rabies virus by quantitative TagMan real-time RT-PCR and
mouse inoculation test showed a significant correlation (Hughes
et al,, 2004). In some instances, TagMan real-time RT-PCR may
replace the need for time-consuming viral isolation, such as mouse
inoculation or rabies tissue-culture infection test. The method of
quantitative real-time RT-PCR has been shown to be more sensi-
tive than the rabies tissue-culture infection test, further suggesting
that real-time RT-PCR may replace rabies tissue-culture infection
test as a confirmatory assay (Panning et al., 2010).

The real-time RT-PCR assay is less than half as expensive as
the NASBA-ECL assay and twice as rapid (van der Meide et al.,
2008). For rabies amplification and detection, TagMan real-time
RT-PCR requires the shortest assay time of only 1.5 h, while NASBA-
ECL, real-time NASBA and RT-hnPCR require 3.0 h, 2.0h and 5.0 h,
respectively. The NASBA assay includes an extensive time course
between pre-amplification steps, and the number of handling steps
per sample for RT-hnPCR was higher than the other four methods.
Although this advantage may increase risk of PCR product carry
over contamination, RT-hnPCR has been shown to be of the highest
sensitivity and specificity when applied to clinical specimens from
patients suspected of having rabies in multi-centre trials across
continents (Dacheux et al., 2008). Such trials may be needed to
verify the applicability of other assays in the diagnosis of human
rabies in living specimens.

The RT-hnPCR method has been demonstrated to detect a wide
range of lyssaviruses, including rabies virus, Lagos bat virus, Mokola
virus, Duvenhage virus, European bat lyssavirus type 1 and Aus-
tralian bat lyssavirus (Dacheux et al., 2008). The TagMan real-time
RT-PCR primers and probe set used in this study were designed
based on the local (country) rabies nucleotide database; therefore,
it cannot be employed for detection of a wide range of rabies virus
strains. A real-time PCR system designed for detecting worldwide
lyssaviruses or the use of multiple tests targeting two or more
sequences may be the best option for rabies diagnosis with world-
wide diversity or for viruses from different sources or geographic
locations (Nadin-Davis et al., 2009; Wakeley et al., 2005). Ante-
mortem diagnosis of human rabies using TagMan real-time PCR
targeting the highly conserved N gene (Hughes et al., 2004; Nadin-
Davis et al., 2009; Wacharapluesadee et al., 2008) in conjunction
with RT-hnPCR, which targets conserved blocks among the L gene
(Dacheux et al., 2008), would likely ensure an accurate diagnosis.

It is noted that internal controls, such as 3-actin mRNA, should
be incorporated in the real-time PCR and RT-hnPCR systems
(Nadin-Davis et al.,2009; Dacheux et al., 2008), particularly in ante-
mortem rabies diagnosis in humans. However, the 3-actin mRNA
may show a faint or negative result in the absence of PCR inhibition
for samples that contain very limited amounts of cellular materi-
als, such as CSF. External synthesised control RNA adding during
sample extraction or master mix preparation should be favoured
in this case. The molecular protocols for rabies diagnosis on steps
for sample collection and preparation, amplification and detection
should be standardised across laboratories world-wide to promote
accurate ante-mortem diagnosis in humans.

The reverse transcription loop-mediated isothermal ampli-
fication was developed for rabies detection from brain tissue
samples. However, this method requires more universal primers
that are applicable to a variety of rabies viruses from various
regions (Boldbaatar et al., 2009). A DNA microarray-based assay
is the new molecular tool for detection and genotyping 7 classical
lyssaviruses (Gurrala et al., 2009). Overall, 8 out of the 11 species
of lyssaviruses, including West Caucasian bat lyssaviruses, were
detected by high-density resequencing microarray (Dacheux et al.,

2010). The sensitivity and specificity of this technique for detection
and identification of lyssaviruses in clinical specimens are similar to
conventional rabies diagnostic methods. Furthermore, this tool was
shown to be able to detect novel rhabdoviruses. One such unclas-
sified lyssavirus was tentatively named Dakar bat lyssavirus. The
applicability of this new method in laboratories in rabies-endemic
countries remains debatable due to the high cost of the machine
and reagents.
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Abstract

In order to analyze the burden of rabies in developing countries, a reliable and accurate
diagnostic test for animal brain examination is needed. Currently, head and carcass submissions to
rabies diagnostic units have been declining. A method of obtaining tissues from different regions of
the brain is even more difficult, and direct florescent antibody examinations may fail if the samples
become liquefied under hot climates. The centrifugal spread of rabies virus to peripheral non-nervous
tissues starts early in the pre- clinical phase. It has been shown that saliva and biopsy skin tissue at the
neck containing hair follicles can be used in ante-mortem diagnosis of rabies in humans. Obtaining
saliva, whisker or hair follicles from dogs’ heads is easy, practical, and can be done without special
equipment. The objective of this study was to determine whether these specimens can be sources for
rabies viral RNA detection. Extracted RNAs from these specimens were tested using real-time reverse
transcriptase polymerase chain reaction (RT-PCR) method. The sensitivity of TagMan real-time RT-
PCR on saliva, extracted whisker and hair follicles from confirmed rabies infected dogs were 83.3%
(55/66), 81.8% (54/66) and 66.7% (44/66) with no false positive results. The negative predictive
values were 76.0, 74.4 and 61.4%, respectively. Although the rate of positivity when combining 3
non-neural specimen types was increased to 86.4 %, it was not sufficient in aiding the clinical
decision of whether to administer rabies postexposure prophylaxis. However, these specimens may

serve to enhance epidemiological surveillance; such data should be helpful in rabies control planning.

Keywords: Rabies virus, Real-time RT-PCR, Diagnosis, Post-mortem



Rabies remains an important zoonotic disease. Laboratory examination is mandatory for
prevention and control of the disease. A reliable, accurate and rapid diagnostic test is required to
determine whether the bitten individual should receive rabies post exposure prophylaxis (PEP).
Microscopic examination of brain tissue stained with direct fluorescent antibody (DFA) is the gold
standard for postmortem diagnosis as recommended by World Health Organization (WHO) (WHO,
2005). A previous study of DFA test showed that examination of 2 brainstem and 1 hippocampus
samples yielded accurate results in 8,987 canine, feline and human brain samples (Tepsumethanon et
al., 1997). However, the brain collection process involved the opening the skull of dead animals.
Furthermore, the brain tissue was required to be intact, as decomposed specimens gave unreliable
result (Kamolvarin et al., 1993). This has been a major limitation for rabies endemic countries,
especially those in tropical climates. Detecting rabies RNA, however, was still possible in brain
material left at room temperature for longer than 72 hours (Heaton et al., 1997; Kamolvarin et al.,
1993). It has been shown that specimens such as saliva, cerebrospinal fluid (CSF), urine, extracted
hair follicles and skin biopsy tissue containing hair follicles are also reliable sources for rabies viral
RNA detection in humans for ante-mortem diagnosis (Crepin et al., 1998; Dacheux et al., 2008;
Nagaraj et al., 2006; Wacharapluesadee and Hemachudha, 2001, 2002). Using molecular techniques
to diagnose rabies in dogs during life, however, has proven to be unreliable and should not be used to
determine whether rabies PEP should be administered to a bite victim. Nested real-time reverse
transcriptase polymerase chain reaction (RT-PCR) yielded a sensitivity of 87% (13 of 15) and 27% (4
of 15) in saliva and CSF, respectively (Saengseesom et al., 2007). In the case of rabies ante-mortem
diagnosis in humans, nested RT-PCR yielded almost 100% sensitivity and specificity when applied on

skin biopsy tissue containing hair follicles (Dacheux et al., 2008).

The aim of this study was to determine whether the non-neural specimens, specifically saliva,
whisker follicles, and hair follicles obtained from dead animals, could be used to enhance rabies
epidemiological surveillance by using real-time RT-PCR assay for RNA detection. Such specimens
are more readily accessible in dogs than brain tissues. Previous study has shown that the sensitivity of

real-time RT-PCR was comparable to nested RT-PCR (Wacharapluesadee et al., 2011).



A total of 101 dog carcasses submitted to the rabies diagnostic laboratory at Queen Saovabha
Memorial Institute, Bangkok, Thailand, were included in this study. All animals were brought in
between 1 to 24 hours after death. Brain tissue, saliva, and extracted whisker and hair follicle
specimens were collected from each dog. The saliva, whisker follicles, and hair follicles were
collected before opening the skull to avoid contamination with brain tissue.

The entire surface of each dog’s head was thoroughly cleansed before whisker and hair
follicles were extracted, followed by the collection of saliva. Ten whisker follicles and 20 hair
follicles were extracted using the separate sterile forceps. They were put separately into 1 ml of lysis
buffer containing guanidine thiocyanate (bioMérieux, Boxtel, The Netherland). The buffer inactivates
the virus and preserves viral RNA from RNase. Saliva was collected by applying sterile cotton swabs
on the surface of the tongue and buccal mucosa. The saliva swab was then put into 1 ml of similar
lysis buffer. These specimens in lysis buffer were stored at -70°C until use.

All brain tissue samples were examined by the DFA technique (Goldwasser and Kissling,
1958). Two regions of brain tissue, hippocampus and brain stem, were combined and smeared on the
glass slides. Impression smears of fresh brain tissue were stained with fluorescein labeled antibodies
(Fujirebio Diagnostics, Inc., Malvern, PA, USA). The fluorescein signal was examined under

fluorescent microscope.

RNA was extracted from brain tissue specimens with RNeasy Lipid reagents (Qiagen Inc.,
Valencia, CA, USA) according to the manufacturer’s instructions. The total nucleic acid from saliva,
whisker follicles, and hair follicles were extracted using MiniMag isolation kit (bioMérieux)
according to the manufacturer’s instruction. A pre-extraction step was required for extracted whisker
and hair follicle specimens. The follicles were dissolved in the lysis buffer and mixed with a rotator
for 2 h. After centrifugation at 5,000 rpm for 10 min, the supernatant was removed for further

extraction.

The TagMan real-time RT-PCR was performed according to the previously published report
(Wacharapluesadee et al., 2008). Briefly, the assay was carried out in 20 ul PCR mixture volume

consisting of 10 ul of QuaniTect Probe™ PCR master mix (Qiagen) with 1.0 ul of forward and



reverse primer (20 uM), 0.4 ul of 10 uM of TagMan probe, 2.4 ul of nuclease — free water, 0.2 pl of
QuantiTect RT Mix, and 5 ul of RNA extract. The PCR reactions were performed in 20 ul glass
capillaries on the Light Cycler real-time PCR version 2.0 (Roche Diagnostics, Mannheim, Germany).
The cycling conditions included reverse transcription at 50°C for 20 min, incubation at 95°C for 15
min, and 45 cycles of 95°C for 1 s and 60°C for 1 min according to the manufacturer’s instruction

(Qiagen). The cut off crossing point (CP) value for a positive sample was set at 30 cycles.

The DFA test on brain tissue specimens served as a gold standard and was used for statistical
evaluation. The sensitivity, specificity, negative predictive value (NPV), positive predictive value
(PPV) and 95% confidence interval (CI) were calculated for real-time RT-PCR results as compared to
DFA test. Statistical analysis was performed using STATA version 11.0 (Stata Corp, TX, USA).
Qualitative real-time RT-PCR was used in this study, with the higher CP value representing lower

amounts of viral RNA and vice versa.

Sixty six of 101 dogs were found rabies positive as examined by DFA test and TagMan real-
time RT-PCR on brain tissue specimens. Of 66, twenty had history consistent with paralytic form of
rabies. Saliva, whisker follicles, and hair follicles from 35 rabies negative dogs had negative results

on TagMan real-time RT-PCR. The specificity and PPV of saliva and follicles were 100% (Table 1).

The sensitivity of TagMan real-time RT-PCR on saliva, extracted whisker follicles and hair
follicles from rabies positive dogs were 83.3% (55/66, 95%CI: 76.1, 90.6), 81.8% (54/66, 95%CI:
74.3,89.3) and 66. 7% (44/66, 95%CI: 57.5, 75.9) with CP value ranges of 20.73 to 29.69, 22.59 to
29.69 and 23.52 to 29.92 cycles, respectively. The NPV were 76.0 (95%CI: 67.8, 84.4), 74.4 (95%CI:

66.0, 83.0) and 61.4% (95%CI: 51.9, 70.9), respectively (Table 1).

When the results of all 3 specimen types were combined, the rate of positivity was slightly
increased to 86.4% (57/66). There were 44 of 66 (66.7%) rabies infected dogs that had all 3 specimen
types positive (Table 2). Nine of 66 rabies infected dogs had all 3 specimen types negative. Six of

these 9 dogs had clinical signs consistent with paralytic rabies.



This study confirms that diagnosis of rabies in animals should be done only in brain tissue.
Diagnostic confirmation of rabies is essential for making clinical management decision. A reliable
method for rabies confirmation should show PPV and NPV of 100%. The test with lower PPV, high
false positivity, can lead to unnecessary rabies PEP. On the contrary, method which carries false

negative result can potentially cause death since rabies PEP may be omitted.

The DFA test is a reliable diagnosis tool and can be accomplished within 3 hours. There were
no false negative or positive results in the series of 8,987 animal brains analyzed by DFA test on 2
brain regions of brainstem and hippocampus (Tepsumethanon et al., 1997). A total of 5,070 brains
were negative on the analysis with DFA and mouse inoculation tests, and the remaining 3,917 brains

were found positive on both tests.

Molecular methods have been increasingly used in routine practice such as quantitative real-
time PCR and TagMan real-time RT-PCR (Hughes et al., 2004; Wacharapluesadee et al., 2008).
These have been applied for ante-mortem rabies diagnosis in humans and for postmortem diagnosis
both in humans and animals. Detecting rabies viral RNA in specimens other than brain tissue is an
attractive alternative. This can avoid the tedious procedure of breaking the skull open to obtain brain
tissues. Further, brain tissue may become liquefied and putrefied in hot weather condition. Although
molecular detection methods can detect rabies viral RNA in brain samples left at ambient temperature
(20-30°C) during 72 hours, the detection sensitivity is not equally good as examinations done on
fresh specimens (Araujo et al., 2008). Non-neural specimens such as saliva, skin biopsy tissue at the
neck containing hair follicles, showed promising results in ante-mortem diagnosis in humans
(Dacheux et al., 2008; Wacharapluesadee and Hemachudha, 2010). In comparing two detection
methods, testing extracted hair follicles with nucleic acid sequence-based amplification assay or real-
time RT-PCR, and testing skin biopsy tissues containing hair follicles with nested RT-PCR, it was
found that the latter showed 98% sensitivity (versus 52 % in the former) (Dacheux et al., 2008;
Wacharapluesadee and Hemachudha 2010). Recent study suggested that such higher sensitivity might

not be attributable to the gene target (nucleocapsid gene in the former versus large polymerase gene in



the latter) or technique used (Wacharapluesadee et al., 2011). It is possible that skin biopsy tissue

containing hair follicles contains higher amount of rabies viral RNA than extracted hair follicles.

In this study, extracted whisker and hair follicles were chosen instead of skin biopsy tissue for
the sake of practicality with the belief that whisker follicles, theoretically, may contain more abundant
nerve supply. The whole procedure to obtain all 3 non-neural specimen types was short and easy. The
results of the study were roughly similar to those in ante-mortem rabies diagnosis in humans. Saliva
yielded a high positivity rate of 83%. However, it is not certain whether this rate of positivity will
remain high if the specimen was left at high temperature until the surface of the tongue and buccal
mucosa was completely dry. Whisker follicles had a comparable rate of positivity to saliva, and hair
follicles yielded the lowest rate. It is intriguing why paralytic rabies infected dogs had higher rate of
false negative tests on non-neural specimens. Six of nine false negative tests belonged to paralytic
dogs. This was similar to the case of paralytic rabies in humans. Only 4 of 20 non-neural specimens
(CSF, saliva, urine, extracted hair follicles) were found positive in paralytic rabies cases. Three of 6
paralytic cases had false negative results (Wacharapluesadee and Hemachudha, 2010). This can be
explained by the fact that much lower amount of rabies viral RNA was found in the brains of paralytic
dogs as compared to furious counterpart (Laothamatas et al., 2008). This may affect the amount of
virus that is centrifugally spread to non-neural organs including whisker and hair follicles. None or
few of rabies infected dogs had rabies viral RNA detected exclusively in whiskers (2/66) or hair

(0/66) follicles. This was usually accompanied by the presence of rabies viral RNA in saliva.

Although the rate of positivity on whisker follicles was as high as 83% (or 86% when all 3
specimen types combined), this was not sufficient to be used for rabies diagnosis in animals after
death since it may deter physicians from giving the appropriate rabies PEP. However, these
specimens may be used as alternative sources to strengthen the epidemiological surveillance

particularly in rabies endemic developing countries.
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Table 1 Sensitivity, specificity, positive predictive value, and negative predictive value of TagMan

real-time RT-PCR results in 4 specimens

Position Sensitivity [95% CI]  Specificity [95% CI] PPV [95% CI] NPV [95% CI]
Brain 100.0 100.0 100.0 100.0

Saliva 83.3 [76.1,90.6] 100.0 100.0 76.0 [67.8, 84.4]
Whisker follicles  81.8 [74.3, 89.3] 100.0 100.0 74.4 [66.0, 83.0]
Hair follicles 66.7 [57.5,75.9] 100.0 100.0 61.4[51.9,70.9]

PPV = Positive predictive value, NPV = Negative predictive values

Table 2 Results of TagMan real-time RT-PCR from 3 types of non-neural specimen in dogs with and

without rabies infection

TaqMan real-time RT-PCR result Rabies infected dog*  Non-rabies infected dog*
(n=66) [%] (n=35)

Saliva positive 55/66 [83.3] 0/35

Whisker follicles positive 54/66 [81.8] 0/35

Hair follicles positive 44/66 [66.7] 0/35

Saliva, whisker and hair follicles positive ~ 44/66 [66.7] 0/35

Saliva and/or whisker and/or hair follicles 57/66 [86.4] 0/35

positive

*Diagnosis of rabies in dog was confirmed by both DFA and TaqMan real-time RT-PCR. Both tests

had perfect agreement.
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Table(s)

Table 1 Sensitivity, specificity, positive predictive value, and negative predictive value of TagMan

real-time RT-PCR results in 4 specimens

Position Sensitivity [95% CI] ~ Specificity [95% CI] PPV [95% CI] NPV [95% CI]
Brain 100.0 100.0 100.0 100.0

Saliva 83.3 [76.1, 90.6] 100.0 100.0 76.0 [67.8, 84.4]
Whisker follicles  81.8 [74.3, 89.3] 100.0 100.0 74.4[66.0, 83.0]
Hair follicles 66.7 [57.5,75.9] 100.0 100.0 61.451.9, 70.9]

PPV = Positive predictive value, NPV = Negative predictive values

Table 2 Results of TagMan real-time RT-PCR from 3 types of non-neural specimen in dogs with and

without rabies infection

TagMan real-time RT-PCR result Rabies infected dog*  Non-rabies infected dog*
(n=66) [%] (n=35)

Saliva positive 55/66 [83.3] 0/35

Whisker follicles positive 54/66 [81.8] 0/35

Hair follicles positive 44/66 [66.7] 0/35

Saliva, whisker and hair follicles positive  44/66 [66.7] 0/35

Saliva and/or whisker and/or hair follicles 57/66 [86.4] 0/35

positive

*Diagnosis of rabies in dog was confirmed by both DFA and TagMan real-time RT-PCR. Both tests

had perfect agreement.
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Introduction

Ingestion of ciguatera toxin (CTX) containing fish meat produces illness very much similar to
other food poisoning or gastrointestinal infections. Reef disturbance by military and tourism
developments as well as the effect of global warming increases the risk of ciguatera by increasing benthic
substrate for dinoflagellate growth. The destruction and death of coral reef allow for larger growth of the
harboring algae which inhabited by dinoflagellates. Gambierdiscus toxicus, the most commonly found
dinoflagellate has rapid growing pattern. This may be influenced by the degree of sunlight exposure with
the presence of silicates and oxides from land lateral soils, and with algal detritus which results in the
development of peculiar algal turfs Turbinaria, Jania and Amphiroa species. Such growth patterns

presumably underlie the spatial and temporal variability of ciguatera outbreaks.

We here reported 6 cases with marine fish poisoning with critical analysis on their symptoms,
clinical course and severity to distinguish between ciguatera and other poisonings. Random survey at 3
fish markets in Bangkok revealed fish meat possibly contaminated with ciguatoxin. With an accumulative
effect of climate change and global warming effect and its nature of heat resistance, ciguatera fish

poisoning situation may be escalating and deserves attention to the national level.

Materials and Methods

Patient data

Six patients of 2 incidents in 2008 were reported in this study. The first 2 patients were admitted to King
Chulalongkorn Memorial Hospital (AS and TH) and the remaining 4 (KS and SD) to Phuket provincial
Hospital. They were exposed to the same source of contamination; sea bass (incident 1) and red snapper
(incident 2). Inclusion of these patients was based on the presence of severe diarrhea, nausea and

vomiting and absence of reflex tachycardia and dramatic recovery of clinical symptoms and signs within



24-72 hours despite severe degree of organ system involvement (cardiovascular and neuromuscular

systems) at nadir.
Survey of ciguatoxin in fish meat
Sample collection

A total of 69 fresh fish samples were collected randomly from 3 markets in Bangkok between July and
December 2008. In addition, five packs of frozen sliced fish fillet (Lined silver Grant, Pomadasys
kaakan) were randomly collected from the same markets, between March and December 2009. Each pack
contained 30-40 slices. These samples were further investigated for ciguatera toxin. Transportation of

these specimens from the markets to laboratory were done on ice and kept frozen at-80 °C until use.
Cigua—Check® test

Each of the 69 fish samples and 158 slices from frozen packs were tested for CTX with commercially
available test kit, Cigna-Check (Toxi Tec, Inc, Hawaii, USA) according to the manufacturer’ s
instruction. Briefly, after cleaning, a small, rice-grain-sized piece of meat underneath the skin was cut
blood free and handled with a clean scissors and forceps. Each sample was put into the bottom of the vial
containing clear liquid methanol. Then test stick was placed into the vial containing clear liquid and fish
sample. After incubation at room temperature for 20 min, the test stick was removed and direct air dry for
15 to 20 min to remove solvent attached on the surface of the stick. The dry test stick was placed into
well-mixed blue liquid solution containing latex immunobead for 10 min, then removed and rinsed in
distilled water. The test stick was examined under white background provided on the inside box lid, to
distinguish any color change on the paper-covered side. Any color change on the test stick indicates that

the fish contains CTXs. The darker the color the more CTXs fish contains.

The positive control was carried out by inserting a positive control stick to a well mixed latex

immunobead suspension. After 10 min incubation, the stick was rinsed with distilled water. A very faint



blue (positive) color appeared on the stick. The negative control test was conducted in the same manner as

those used for fish sample test, but without fish sample. The test stick resulted with no color.

Results

First incident: Patients 1 and 2

Patient 1 was a 20 years old student of the Faculty of Pharmacy, Chulalongkorn University. She
was previously healthy with no known underlying diseases. She had lunch, rice topped with sea bass with
chinese celery, at the dormitory cafeteria. Within the following hour, she felt numbness at perioral area.
Numbness progressed to involve both hands and feet within a couple hours. At that time she felt dizzy
and became clumsy while walking. She went to bed. On the following morning, she woke up with severe
vertigo, nausea and vomiting and was very fatique. Ataxia was noted during standing and walking. She
was taken to the King Chulalongkorn Memorial Hospital immediately after. Upon admission, her vital
signs were normal with a blood pressure of 110/60 mmHg, a heart rate of 70 beats per minute. There was
no significant focal neurological deficit except abnormal balance on maintaining posture and ataxia
without side predilection. Sensory examination was normal in all modalities. Deep tendon reflexes were

normal at 1+. She was discharged after one day with no sequel.

Patient 2 was a 35 year-old female employed as a nurse assistant at the King Chulalongkorn
Memorial Hospital. She had sea bass with chinese celery for lunch at the same canteen and on same day
as Patient 1. Half-an-hour after meal, she had abdominal pain and diarrhea. A diminished sensation at
perioral area and both hands was also noted shortly after onset. Within a few hours, her numbness was
increased in severity. She also felt dizzy, and experienced more severe degree of nausea and vomiting. At
emergency department, she was noted having moderated degree of dyspnea and was in impending
respiratory failure state. During the following 2 hours, she developed hoarseness of voice, and weakness
of all limbs of MRC grade 4/5 with preservation of deep tendon reflexes. Her peak respiratory flow was

recorded to be less than 300 millilitres and her peripheral oxygen saturation was 57%. Blood pressure was
4



144/100 mmHg. Her heart and respiratory rates showed no compensatory responses to severe hypoxia.
Heart rate was at 80 beats per minute and respiratory rate was only 20 times per minute. She subsequently
developed severe weakness of all limbs and facial musculatures and required intubation and assisted
ventilation. Neurology consultation was made to exclude brainstem stroke. Upon examination, she was
flaccid with normal papillary size and responses and was in de-efferent state. She was then admitted to
intensive care unit (ICU). Laboratory investigations including electrolytes were within normal limits. She
was on ventilatory support for 24 hours and was extubated by the end of the day and had full recovery by

day 3 after admission.
Second Incident: Patient 3, 4, 5, and 6

Patient 3, 4, 5, and 6 were in the same family. Patient 6 went to the market and bought red
snapper fish. She cooked red snapper fish curry and pork rib soup with salted vegetable for the whole

family of 12. All shared the same dinner but there were 4 persons who had symptoms.

Patient 3 was a 9-years-old boy. Two hours after dinner, he had nausea, vomiting and abdominal
pain with watery diarrhea (of more than 20 times). He also experienced perioral, tongue and both legs
numbness. He was brought to the hospital where he was observed to have hypotension and signs of
volume depletion with systolic blood pressure of lower than 90 mm Hg and a heart rate of 80 beats per
minute. Neurological examination was within normal limit. Numb feeling around his mouth and legs was
complaint but spontaneously resolved in 24 hours. He received supportive care and intravenous fluid

replacement.

The 2™ member of the family was patient 4. He was a healthy man 24 years of age. Six hours
after dinner, during when his nephew (patient 3) was hospitalized, he had nausea and vomiting,
abdominal cramp, diarrhea, headache and numbness of perioral area, tongue, both hands and feet.
Physical examination showed that he was afebrile and moderately severe dehydrated with a blood

pressure of 80/40mmHg and had relatively slow heart rate (48 beats per minute). There was no abnormal
5



neurological sign. His laboratory investigations were within normal limit. He was resuscitated, and was

improved by one day after admission.

Patient 5 had longest incubation period. She was a 29-years-old housewife and previously was
healthy. She developed the symptoms 8 hours after meal. She had nausea and vomiting and watery
diarrhea of more than 10 times along with abdominal pain, and numbness along perioral region, hands
and feet. Vital signs at admission were normal except for a slow heart rate of 52 beats per minute with a
blood pressure of 110/60mmHg. There was no neurological deficit. Her blood tests were normal. She was

admitted for observation for 1 day.

The last patient 6 was 34 years old previously healthy female who prepared the food. The
symptoms occurred 5 hours after meal comprising of perioral and limb numbness, abdominal pain,
diarrhea, nausea and vomiting. She went to the same hospital. Physical examination revealed a blood
pressure of 90/60mmHg and a relatively bradycardia of 50 beats per minute. She was fully conscious and
there was no neurological deficit. Her laboratory investigations showed elevated white blood cell count of
18,700 cells per cubic milliliters, otherwise they were within normal limits. She was admitted for

observation for 24 hours and completely recovered at the time of discharge.



Table 1: Symptoms and signs of patients with marine fish poisoning

Patient No. Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
Year 2007 2007 2009 2009 2009 2009
Age (year) 20 50 9 24 29 34
Demographic Bangkok Bangkok Phuket Phuket Phuket Phuket
Gender Female Female Male Male Female Female
Onset of 1 hr after 30 min after 2hrs after 2 hrs after 4 hrs after 2hrs after
symptom meal meal(6 hrs meal(4 hrs meal(4 hrs meal(4 hrs meal(3hrs
(16 hrs prior prior to prior to prior to prior to prior to
to admission)  admission) admission) admission) admission) admission)
Symptoms Perioral/hands Abdominal Diarrhea, Abdominal Diarrhea, Diarrhea,
[feet pain, perioral & pain, perioral  Perioral/hands nausea,
numbness, diarrhea, tongue /legs [feet vomiting,
ataxia, vertigo, perioral numbness, numbness, numbness, abdominal
nausea & numbness, nausea & nausea, nausea, pain,
vomitting nausea & vomiting vomiting vomiting, cramping,
vomitting ,diarrhea abdominal perioral/
pain, cramping hands/feet
numbness
History of Sea bass with  Sea bass with Red Red snapper Red snapper Red snapper
food taking Chinese celery Chinese celery snapper fish curry fish curry fish curry
fish curry
Underlying No Dyslipidemia  No No No No
Vital signs Normal Respiratory Hypotension Normal Hypotension Hypotension
failure
Conscious Normal Normal Normal Normal Normal Normal
Neurosigns Normal Horseness of  Not Not Not Not
(improved) voice, significant significant significant significant
quadriparesis
with normal
reflexes
CBC Normal Normal NA NA NA Leukocytosis
Electrolyte Normal Normal NA NA NA NA
Ventilator No Yes No No No No
support
Result Recoverin 1 Recover in 3 Recoverinl Recoverinl Recoverin 1 Recover in 1
day days day day day day

All but patient 1 had abnormal slow heart rate of 40-50 beats/minute in the presence of
hypotension/volume depletion and/or hypoxemic state. All had nausea, vomiting and diarrhea (except

patient 1 who had nausea and vomiting).



Survey of CTX in fish meat

Of sixty-nine fish samples examined, no sample was evidently positive as examined by Cigux-Check®
kit. However, two samples of 158 fish-fillet slices showed border line results. The color change was

demonstrated but not obvious enough as compared to positive control.

Discussion

There are many kinds of marine toxins that can cause human diseases; most of them are caused by
ingestion of contaminated food. History of eating fish before their illness points to ciguatera or puffer fish
poisoning whereas those who consume shellfish may have risk of shellfish poisoning in the forms of
paralytic shellfish poisoning, neurotoxic shellfish poisoning and amnesic shellfish poisoning. (1) Each
marine toxin manifests with several signs and symptoms, some are unique but many of them can be
shared among all (Table 2). Due to the difficulty in identifying marine toxin in human body or even in
fish meat and in shellfish, the diagnosis depends on history of eating particular kind of seafood, clinical
symptoms and time of recovery. Detection of toxin in remnant of the food can be done in only special
laboratory but usually is not successful due to unavailability of food for examination by the time that

patient develops illness.

The main clinical symptoms of puffer fish poisoning (Table 2) resulting from tetrodotoxin, a
heat-stable and water-soluble molecule that inhibits Na" channel and post synaptic acetylcholine receptor.
(2) This process reduces synaptic transmission of the neuromuscular and other nervous systems.
Furthermore, tetrodotoxin can stimulate chemoreceptor trigger zone at medulla oblongata, that causes
nausea, vomiting and it can also depress the function of respiratory centre in brainstem.(3) Symptoms
usually occur within 30 minutes to 6 hours after ingestion of toxin in most of the patients (85%) (Table
2). Normally, the initial symptom of puffer fish poisoning is perioral paresthesia (68-71%) that can evolve
to whole-body or limbs paresthesia (34-44%). Half of the patients have headache (40-47%), nausea and

vomiting (45-48%) and some has dizziness (22-30%). The muscle weakness or paralysis begins later (22-
8



62%). (3-5) The typical pattern of marine toxin weakness is ascending paralysis; weakness starts at lower
extremities then spreads to trunk and upper extremities. Moreover, coma (0-11%) and respiratory failure
(0-22%) can be found in severe cases of tetrodotoxin. For other non-neurological symptoms, patients may
have abdominal pain (17-22%) but there is no diarrhea. The autonomic nervous system symptoms that has

been reported is hypersalivation (0-11%) and late cardiac dysfunction (rare). (4)

The worldwide most common marine toxins poisoning is ciguatera. Many types of reef-fish are
high risk to have CTX, especially barracuda, grouper, sea bass, snapper, and amberjack (6). The endemic
areas of ciguatera are the oceans in latitudes 35 north and south of the equator. Ciguatoxin is a lipophillic
polyether that can open voltage sensitive Na" channel at the neuromuscular junction. It causes hyper-
excitability and inhibits synaptic transmission. The majority of patients begin to have signs and symptoms
of ciguatera at 6-10 hours after intoxication (range 1-48 hours) (Table 2). Neurological symptoms often
manifest early, such as headache, numbness, “classic” reversal of temperature perception, ataxia (rare)
and muscle paralysis. Some sensory symptoms (tingling sensation, cold allodynia or small fiber
polyneuropathy) can persist for weeks, but gastrointestinal symptoms (diarrhea, nausea & vomiting) and
cardiovascular symptoms (hypotension, cardiac arrhythmia) usually resolve within 2-3 days. Besides,
CTX from fishes in India ocean and Pacific ocean is more toxic than those from Caribbean (7). Common
neurological symptoms of CTX (8-9) consist of perioral numbness (38-91%), whole-body or limbs
paresthesia (36-100%), temperature dysesthesia (19-94%), dizziness (25-62%), nausea and vomiting (37-
69%), headache (19-62%), limbs weakness (30-100%) and myalgia (34-86%). When compared with
pufter fish poisoning, ciguatera has more prominent gastrointestinal symptoms, especially diarrhea (67-
83%) and abdominal pain (30-74%). There also reports of cardiac dysrhythmia (0-33%). Generally, the
severity of ciguatera is milder than puffer fish poisoning, but it can cause acute and chronic effects that

result in hallucination, depression and anxiety (10).



Table 2: Clinical symptoms of ciguatera and puffer fish poisoning (3, 4, 5, 8, 9)

Symptoms Tetrodotoxin Ciguatoxin
Neurological symptoms
perioral numbness 71-68% 38-91%
generalized paresthesia 34-44% 36-100%
temperature dysesthesia - 19-94%
vertigo 22-30% 25-62%
nausea and vomiting 45-48% 37-69%
headache 40-47% 19-62%
limbs weakness 22-62% 30-100%
myalgia - 34-86%
ataxia 0-15% rare
coma 0-11% -
respiratory failure 0-22% rare
Gastrointestinal symptoms
abdominal pain 17-22% 30-74%
diarrhea 0% 67-83%
Autonomic nervous system symptoms
hypersalivation 0-7.5% -
cardiac dysrhythmia - 0-33%

In our case series, Patient 1 had perioral numbness 1 hour after eating fish, then within the

following 6 hours, she developed whole body paresthesia, severe vertigo, nausea, vomiting and ataxia

within half day. This patient was difficult to diagnose whether she had ciguatera or mild to moderate form

of puffer fish poisoning. But due to prominent vertiginous symptoms, her illness might be best explained

by CTX. Patient 2 had an onset at 30 minutes. She had abdominal pain and watery diarrhea, perioral and

both hands numbness. She felt dizzy and nausea after 3 hours and at 6 hours her clinical symptoms
worsen, and finally had acute respiratory failure. Although muscular paralysis was prominent, diarrhea

and abdominal pain were rarely found in puffer fish poisoning. We concluded that this case may be the

case of severe form of CTX. Patient number 3 also had abdominal pain, watery diarrhea within 2 hours of

ingestion, followed by nausea, vomiting and legs numbness. This child should have been diagnosed as

CTX poisoning because of prominent gastrointestinal symptoms. Patient number 4, 5 and 6 all had similar
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symptoms. Their clinical onset ranged from 5 to 8 hours after meal. They had abdominal pain, diarrhea,
nausea and vomitting. The interesting point was that all of them had relatively bradycardia despite of
volume depletion or hypotension. Such autonomic involvement in the form of bradycardia or
dysrhythmia, abdominal pain, nausea and vomitting and dramatic recovery are indicative of CTX

poisoning.

Treatment and prevention

Treatment of CTX poisoning is mainly supportive and symptomatic, such as volume replacement
for dehydration. There were some studies advocating that mannitol of 0.5-1 g/kg intravenous drip in 30-
45 minutes within 48-72 hours after onset would help improving the severity of symptoms. It was
believed that due to its high osmolarity, mannitol could reduce neuronal edema and act as scavenger of
free radical (11). However, in some controlled trials, benefit of mannitol over normal saline infusions
could not be demonstrated (12). Besides, the osmotic dieresis can potentially worsen patient’s condition
by increase volume depletion. Until recently, there is no appropriate randomized controlled trial that can

prove the efficacy of mannitol over normal saline.

The prevention of ciguatera is very difficult, because of its colorless, odorless and tasteless of
CTX. Most importantly, CTX is resistant to heat and cannot be destroyed by cooking. The current
recommendation is that one should avoid eating fish or internal organs of high risk fishes, such as Moray
eel, Barracuda, Grouper, Kingfish, Jacks, Snapper, Surgeonfish, Parrot fish, Wrasses, Hogfish, Narrow
barred Spanish mackerel, Coral trout, Flowery cod and Red emperor. (8) However, if needed or
unavoidable, it has been suggested to consume small amount of many types of fish (<50g). This is much

safer than eating large amount (>200g) of single fish.
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Introduction

Causal relations of climate change and ciguatera epidemic depict influences of drivers, changes,
responses in interconnected variables. Ciguatera epidemic is one important issue among many
catastrophic consequences from climate changes. In order to appreciate and have a clear
understanding of ciguatera toxin from marine fish poisoning, thorough understanding of accumulative
effect of global warming on land and oceanic water current balancing system which in turn affects the
acidic content of water. This results in abundance of coral pathogens and resultant coral diseases with
colonization of dinoflagellates which inhabit the surface of macroalgae. Herbivorous fishes feed on

these macroalgae, thus, contain excessive amount of ciguatera toxin.

Critical analysis of climate change and global warming effect on coral reef

ecosystems

As global temperature rises, regional evaporation in the lower latitudes and regional precipitation in
the higher latitudes increases (Klige, 1990; Zestser and Loaiciga, 1993; Manabe et al., 1994; Palmer
and Réisénen, 2002). Shifts in the evaporation/precipitation regime could have significant
consequences to the continents, including worsening conditions for flood control and water storage
(Loaiciga et al., 1996; Milly et al., 2002). In addition, excess ground water runoff (in relation to
evaporation) will contribute to lowering of groundwater levels (Zestser and Loaiciga, 1993; Manabe
et al., 1994). Moreover, approximately 6% of the total water influx to the oceans and seas comes
from direct groundwater discharge (Zestser and Loaiciga, 1993). An increase in the amount of
groundwater entering the ocean would lead to a net gain in oceanic volume. Melt water from glaciers
may also contribute to increasing oceanic volume (Klige, 1990; Daniels et al., 1993; Schett Hvidberg,
2000; Stevenson et al., 2002). As water temperatures rise, the volume of the oceans will also increase

due to thermal expansion (Daniels et al., 1993; Stevenson et al., 2002).

Sea levels have risen (0.1-0.3 m over the past century) in conjunction with the rising global

temperature (Wigley and Raper, 1987; Liu, 2000; IPCC, 2001) but with a time lag of 19 years (Klige,



1990). This rise has been occurring at a faster rate than plants can colonize and establish wetland
habitat (Daniels et al., 1993; Stevenson et al., 2002). Another major consequence of a changing
climate is the likely perturbation of oceanic circulations. Currents are driven directly by winds (upper
layer of ocean), fluxes of heat and freshwater (thermohaline circulation), or by the gravitational pull
of the sun and moon (tides; Rahmstorf, 2002). Thermohaline circulation is the deep ocean water (>
200 m) that is conveyed in slow large-scale circulations, driven by water density, and dependent on
heat and salinity (Garrison, 1996). Although there is much debate on the predicted future of this
circulation (Hansen et al., 2004), many global climate change models suggest weakening, and

possibly complete breakdown, of the
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Figure 1. Causal relations of factors interrelating ciguatera epidemic and climate change

thermohaline circulation, particularly in the Atlantic Ocean (Bernal, 1993; Manabe et al., 1994;
Sarmiento et al., 1998; Plattner et al., 2001; Vellinga and Wood, 2002). Furthermore, a rise in sea
level may also decrease the formation of North Atlantic Deep Water (NADW) which in turn, has

direct impact upon massive ocean water circulations (Mikolajewicz et al., 1990). This is caused, in



part, to increased density-driven stratification of the upper water column in the higher latitudes, which

decreases vertical mixing and convective overturning (Sarmiento et al., 1998).

Evidence of this has been uncovered in the Gulf of Alaska. Here, surface temperatures have
been rising from warmer air temperatures, while salinities have been decreasing from melting ice,
thereby decreasing the water’s density. Meanwhile, deep waters have had little change in density,
leading to increased ocean stratification and decreased formation of mixed layers (Whitney and
Freeland, 1999; Freeland and Whitney, 2000). This halts the convective flow that drives thermohaline
circulation, and consequently, disturbs the circulation of nutrients and heat that these deep waters

contain.

In the Pacific Ocean, increased stratification could increase the frequency of El
Nifio/Southern Oscillation (ENSO) events and more extreme climatic variations (Timmermann et al.,
1999). ENSO events are characterized by an intrusion of warm water from the western equatorial
Pacific into the eastern equatorial Pacific, where it causes a rise in sea level, higher sea surface
temperatures, and a weakened thermocline, which is associated with reduced primary productivity
(Miller and Fluharty, 1992). Thermohaline circulation is intimately linked to the Carbon cycle and
deep ocean ventilation, and any change in either would further disrupt the carbon cycle and
biogeochemistry of the coupled system (Bernal, 1993; Manabe et al., 1994; Roessing et al., 2004;
Roessing et al., 2005; Sarmiento et al., 1998).

When CO; is introduced to ocean waters and hydrated, more hydrogen ions are produced, and

this equation shifts to the right:
CO, + H,0 < H,CO; «» H' + HCO5 «> 2H' + CO;™.

When the CO; concentration increases, the equilibrium of the equation shifts such that more
carbonic acid (H,CO;) is formed, which partially dissociates into bicarbonate (HCO;") and hydrogen
(H") ions, lowering water pH. Bicarbonate may further dissociate so that 2 H' are created for one
molecule of CO,. The pH is a measure of H" activity, and is an important water quality indicator

because fish and other organisms are sensitive to pH. Ocean surface pH has already decreased by 0.1



pH units in colder waters and almost 0.09 pH units in warmer waters (Haugen, 1997). If atmospheric
CO, concentrations continue to increase, another 0.3 pH unit decrease of oceanic surface waters may
occur (Haugen, 1997). Furthermore, as temperature increases, an increased proportion of the water

molecules dissociate to H" and OH", decreasing water pH.

Coral diseases may have wide influences on coral reef ecosystems. Three coral pathogens
(Aspergillus sydowii, Vibrio shiloi, and Black Band Disease) grow well at temperatures close to or
exceeding probable host optima, suggesting that their population sizes would increase in warmer
waters (Harvell et al., 2002). Certain bacteria (e.g., V. shiloi) cause bleaching of certain coral species
(e.g., Oculina patagonica), while fungi grow optimally at temperatures that coincide with thermal
stress and bleaching in corals (Harvell et al., 2002). This may lead to a co-occurrence of bleaching
and infection (Harvell et al., 2002). Along with disrupting the fish communities associated with these
corals, the leftover dead coral surfaces can become colonized by macroalage, which support the

proliferation of toxic dinoflagellates (de Sylva, 1994; Hales et al., 1999).
Emergence of Ciguatera marine fish poisoning

Ciguatera is the most frequent source of human illness caused by ingesting marine toxins,
although many marine organisms produce toxins that affect humans (Hales et al., 1999). Ciguatoxins
are produced by marine dinoflagellates that inhabit the surface of macroalgae. Herbivorous fish feed
on this macroalgae, become contaminated, and the toxins bioaccumulate enough to cause illness when
fish (e.g., groupers [Serranidiae], snappers [Lutjanidae], and jacks [Carangidae]) are consumed by
humans (de Sylva, 1994; Hales et al., 1999). Fish poisoning is therefore related to physical
disturbances of coral reefs, which are sensitive to changes in environmental variables such as

temperature and pollutants (Hales et al., 1999).

Annual reports of fish poisonings in the South Pacific are positively correlated with ENSO
events, and there is a linear relationship between fish poisoning and sea-surface temperatures (Hales
et al., 1999). Blooms of algae, called red tides, can also occur in marine and estuarine environments,

causing poisoning of fish and humans eating contaminated fish (Anderson, 1997). These blooms are



very variable, lasting anywhere from weeks to years, and can stay localized in a specific area, or can
be massive, covering thousands of square miles (Anderson, 1997). More intense rains wash more
fertilizer and sewage into coastal waters, and this runoff triggers algal blooms and consequent

poisoning of fish and humans (Epstein, 2000).

Ciguatera fish poisoning (CFP) occurs in tropical regions worldwide and globally. It is the
most common non-bacterial food-borne illness associated with consumption of fish (Baden et al.,
1995; Ansdell, 2009). The toxic organisms, most commonly associated with CFP, are benthic
dinoflagellates in the genus Gambierdiscus. These dinoflagellates are reported to produce ciguatoxins
(Yasumoto et al., 1979; Durand-Clement, 1987; Lewis and Holmes, 1993) which bioconcentrate in
marine food chains, reaching their highest levels in top predators such as, barracuda and other tropical
reef fish (Tester, P.A., et al., 2010,), with barracuda as the most cited cause in the medical literature.

Fishes, containing ciguatera toxin, look, smell, and taste normal. It is unrecognized and
frequently misdiagnosed as gastrointestinal infections or poisoning from other bacterial causes. At
least 50,000 people per year have been affected with CFP worldwide; with 2 to 10 per cent in the
United States (Winter, 2009). These numbers may be underestimated. The toxin in fish concentrates
more in internal organs than in muscle, thus, explaining why consumption of viscera results in more

severe illness. (Winter,2009).

Among Gambierdiscus genus, G. toxicus is the most common source of marine toxin on our
planet. G. toxicus is a slow growing dinoflagellate distributed circum-tropically between 32° N and
32° S. Most ciguateric endemic areas are being characterized by oceanic salinity waters

(http://fao.org/docrep/007/y5486e/y5486e0qg.htm last accessed 16/7/2009). It appears to be most

prolific in the shallow waters away from terrestrial influences. Low salinity and high light intensities
adversely affected G. foxicus growth. Research on G. foxicus population in Florida Keys showed that
G. toxicus preferred depths of v1 to n4? meters; grew best at 11 per cent of full sun light and that

maximum abundance occurred at a water temperature of about 30° C. G. toxicus is commonly found

growing epiphytically on macroalgae colonizing damaged coral reefs, such as Turbinaria omata,



Amphiroa spp., Halimedia opuntia and Jania spp.(http://fao.org/docrep/007/y5486¢/y5486¢0g.htm

last accessed 16/7/2009).

What have been learnt?

Extensive and worldwide researches and studies lead us to better understand that ciguatera outbreak
and climate change are related, causal relations in Figure 1 show that scientific findings in the past

decades supported relationships of variables and these elements are clearly comprehended.

Warm water temperature: Several studies indicate that water temperature plays a significant role in the

abundance of the Gambierdiscus dinoflagellate. Algal blooms are more common during summer
months when water temperatures are at their warmest. With increasing incidences of climate change
impacts, water temperatures will increase and this is particularly worrisome that there will be more

incidents of ciguatera outbreaks in Thailand and around the world.

Coral damage: A strong correlation between ciguatera outbreaks and damaged coral reefs was
discovered. There is more ciguatera when reefs are damaged, whether by man (e.g. tourism, dredging,
excavation) or nature (e.g. cyclones, crown of thorns, coral bleaching events). In fact, researchers
have found a pattern of ciguatera outbreaks, usually within 5 to 6 months after a reef has suffered
major destruction. Such interval is the time that it takes for seaweeds to settle and start growing on the
bare new surfaces on the reef; for toxic dinoflagellates to settle on the seaweed fronds; and large
numbers of herbivorous (seaweed eating) fish to move into the area to graze, and finally, large
numbers of predatory piscivorous (fish-eating) fish to come in to the area to hunt the smaller
herbivorous fish. Coral reefs suffer from a variety of other diseases such as white syndrome, yellow
band disease and black band disease. Although the links between rising ocean temperatures and the
increased reporting of coral diseases in the last two decades remains tenuous and requires much
further research, there is preliminary evidence that major outbreaks of coral disease only occur on
reefs with high coral cover after especially warm years. These results indicate that climate change

could be increasing the severity of coral diseases in the ocean.



What are the next steps?

Miller and Fluharty in 1992 pointed that research base needs to expand to elucidate the interactions
among climate, biological processes, and socio-economic activities dependent on these processes.
Nationwide communications of ciguatera outbreaks must be promoted (Miller and Fluharty, 1992).
Public health and community education personals should spread messages of ciguatera outbreaks and
its health impacts and make sure that communities are aware of potential health hazards and are

brought to be better prepared and adapted to this outbreak.

Scientists in Thailand have reported reefs suffering 90% of their corals being bleached and up
to 20% of the corals dead. Olivia Durkin, who is leading the bleaching monitoring at the Centre for
Biodiversity in Peninsular Thailand, said: "This year's severe coral bleaching has the potential to be
the worst on record” and "Extensive bleaching, death and disease are reported not only in corals, but
giant clams, sea anemones and soft corals are also losing their symbiotic alga."

http://www.telegraph.co.uk/earth/earthnews/7896403/Coral-reefs-suffer-mass-

bleaching.html. Corals in other parts of Southeast Asia, Australia, South America and the Caribbean
also suffered severe damage from warming in 2010, in what scientists are calling one of the worst
global coral bleaching events ever recorded. Global temperature data sets show that 2010 was one of

the two warmest years in the historical record.

http://green.blogs.nytimes.com/2011/01/21/thailand-closes-diving-sites-to-protect-corals/




A relative lack of recognition exists among physicians, health care personals and those who
work in emergency medical units. Medical practices in primary treatments and diagnosis should be
significantly improved, developed and disseminated especially to physicians and staff in emergency
units. Minitry of Public Health should mandate central reporting of ciguatera fish poisoning cases.
Goals must be established to making progress toward bringing ciguatera fish poisoning surveillance
programs online in response to outbreaks of CFP. Future efforts need to focus on developing a
standardized reporting protocol and website where CFP data can be uploaded. In addition the CFP

website needs to be linked to near real time environmental data.
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Abstract

Furious and paralytic rabies are two distinct clinical entities. We have previously
reported that there was no specific pattern of antigen and inflammation distribution in
the central nervous system (CNS) of rabies patients. Further analysis in rabies
infected dogs during early stage using magnetic resonance imaging showed similar
lesion localization in the brains with more pronounced abnormal CNS signal
intensities in paralytic rabies infected dogs. This was in accord with greater brain
innate immunity responses in paralytic rabies. Although a significantly greater
amount of viral load was found in the brains of furious rabies infected dogs, there was
no quantitative data on viral amount in the spinal cord as well as data on the
inflammation distribution of the entire neuraxis. Postmortem examination of brains
and spinal cords from furious and paralytic rabid dogs (5 of each) was performed.
These animals were sacrificed shortly after they showed symptoms and signs of
rabies. Quantitative image analysis revealed greater rabies antigen parameters
(percentage of positive neurons, antigen positive area per positive neuron and antigen
outside cell body) at several CNS regions of the furious dog. Viral quantities were
highly discrepant between those in the brain and spinal cord of paralytic rabid dogs.
Two of 5 paralytic dogs had none or nearly absence of rabies antigen in the brains.
Inflammatory response was barely seen except at the brainstem of paralytic dogs. We
suggest that brainstem region may be the barricade in preventing viral spread to the

cerebral hemispheres.

Keywords: Rabies, furious rabies, paralytic rabies, rabies antigen, inflammation
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Introduction

Rabies is an incurable and almost universally fatal infectious disease of the central
nervous system (CNS). The disease is caused by a neurotropic RNA virus of genotype
1 in the family Rhabdoviridae, genus Lyssavirus (Rupprecht et al, 2002). The
worldwide number of rabies deaths as estimated by the World Health Organization
survey in 1998 was 55,000 annually with the highest incidence in Asia (Knobel et al,
2005). Approximately 21 patients (0.03 per 100,000 populations) die of rabies each
year in Thailand (Chuxnum and Choomkasien, 2010).

Rabies can manifest either as furious or paralytic in humans and dogs. Limbic
symptoms dominate the clinical picture in the former, whereas paralysis of lower
motor neuron type dominates the latter (Mitrabhakdi ez a/, 2005). The ratio between
furious and paralytic rabies in human cases is approximately 3: 1 (Hemachudha ez al,
2002). Furious rabies patients tend to survive shorter (average 5.7 days compared to
11 days in paralytic form) (Mitrabhakdi et a/, 2005). The mechanisms contributed to
the two distinct clinical forms remain enigmatic.

Several recent clinical, electrophysiological, and neuropathological findings
suggested possible different mechanisms for the furious and paralytic forms of rabies.
Dysfunction of peripheral nerves, axon- or myelinopathy, is responsible for clinical
weakness in paralytic rabies (Hemachudha et al, 2005). Electrophysiological studies
demonstrated spinal cord anterior horn cell dysfunction in the case of furious rabies
despite absence of weakness. This was supported by identification of central
chromatolysis of the neurons at postmortem examination (Mitrabhakdi ez a/, 2005).

Although previous magnetic resonance (MR) imaging studies in human rabies
patients revealed no differences between both clinical forms (Laothamatas et al,

2003), our recent study in canine rabies at the early stage of disease has shown
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otherwise (Laothamatas et a/, 2008). Abnormal lesion localization was similar in both
clinical forms at the inferomedial temporal lobes, hippocampi, hypothalami,
brainstem, and upper spinal cord. However, this was more pronounced in paralytic
cases. This should be explained by timing of examination which may be relatively late
in human rabies cases.

Regarding the amount of rabies virus and degree of inflammation, there were no
differences in antigen distribution or amount and in inflammation degree in furious
and paralytic rabies patients at post-mortem examination (Tirawatnpong et a/, 1989).
However, rabies antigen was mainly confined to midline structures of thalamus,
brainstem and basal ganglia in patients who died earlier than 5 days. Such localization
at thalamus, brainstem particularly at midbrain, and basal ganglia was found in the
case of rabies infected dogs at early stage regardless of clinical forms. Greater
quantities of rabies viral RNA were detected in the brains of furious dogs than its
paralytic counterpart. Greater numbers of cytokine mRNAs transcripts were
demonstrated in paralytic dog brains. Further, interleukin-14 and interferon-y mRNAs
were found exclusively in the case of paralysis (Laothamatas ez a/, 2008). Timing of
examination, late in the disease course in the case of humans, should be the
explanation.

It is plausible that abnormal MR imaging, which is more intense in paralytic
rabies infected dogs, may be influenced by degree of CNS immune responses. The
immune responses may partly explain why there is less amount of viral load in the
brains of paralytic dogs. Nevertheless, there has been no available data on virus
amount at spinal cord of patients or dogs with furious and paralytic rabies particularly
at the early stage when consciousness remains preserved. The current study was

aimed to evaluate the distribution of rabies antigen and inflammation in the central
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nervous system of canine furious and paralytic rabies at the early stage of disease,

whether they correlate with the recent MRI and cytokine findings in rabid dogs.

Materials and Methods

Animals

Ten naturally rabies-infected dogs, 5 of each clinical forms (furious and paralysis),
were enrolled in the study. None of them had previously been vaccinated. Each
animal was brought in by owner and was observed for rabies symptoms at the
quarantine and diagnostic unit of the Queen Saovabha Memorial Institute. All had
been bitten by other unowned dogs. Sites of bites were mainly the head and face.
After symptoms suggestive of rabies developed, the diagnosis was confirmed by
identification of rabies viral RNA in saliva by nucleic acid sequence—based
amplification (NASBA) (Wacharapluesadee and Hemachudha, 2001). Categorization
of canine furious or paralytic rabies was based on the following clinical features;
aggression and biting behavior in furious and hind limb paresis with none or only
mild degree of aggression in paralytic rabies (Tepsumethanon ez a/, 2005). All of
them were sacrificed for rabies examination during when they remained fully
conscious. Brains were available for pathological examination in all cases while

spinal cords were obtained in 6 cases (3 of each clinical form).

Collection of samples and tissue preparations

Brain and spinal cord tissues from 11 brain and 4 spinal cord anatomical locations
were fixed with 10% buftfered formalin. The regions included neocortices (frontal,
parietal, temporal, and occipital regions), cerebellum, caudate nucleus, hippocampus

(including CA1-4 regions), thalamus, brainstem (midbrain, pons and medulla) and
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spinal cord (cervical, thoracic, lumbar, and sacral levels). All specimens were
routinely processed and embedded in paraffin wax. Four-micrometer-thick sections of
all paraffin blocks were stained with hematoxylin and eosin. Standard indirect
immunohistochemical method was carried out by automated stainer (Ventana
Benchmark LT, Tucson, USA), using anti-rabies nucleocapsid polyclonal antibody
(Bio-Rad; Marnes-la-Coquette, France) at a dilution of 1:80. Negative control was

performed by omission of the primary antibody.

Quantitative analysis of rabies antigen
All immunostained slides, prepared from various anatomical sites as mentioned, were
digitally captured in color by digital camera (Nikon DXM1200F) attached to

microscope (Nikon ECLIPSE 80i) (Nikon Instech Co., Ltd., Japan) at 400x
magnification, covering an area of 0.0705 mmZ2. As many as 10-20 fields (0.7-1.41

mmz) were examined for each slide. Images were saved as 3840 x 3072 Jpeg files.

All neurons in each area (except those in the dentate gyrus of hippocampus) were
manually outlined by Adobe Photoshop. Quantitative assessment was performed by a
computer-aided system for microscopic images (Cell Image Analyzer) (Fig. 1)
(Phukpattaranont et al, 2009). Parameters assessed included 1) percentage of positive
neurons, 2) average number of antigen dot per positive neuron, 3) average antigen
area in positive neuron, and 4) percentage of antigen area outside neuronal cell body.
For the dentate gyrus (Fig. 2), the entire dentate area was manually outlined. Extent of
viral antigen was expressed by percentage of antigen area to the total dentate area

outlined above.
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Semi-quantitative analysis of inflammatory response

Inflammatory response in each anatomical site was semi-quantitatively scored by one
of us (Knobel et al). Scores 0 to 3 represented the following: 0 = no inflammation, 1 =
mild inflammation (mild microglial activation without formation of microglial nodule
and/or mild perivascular lymphocytic cuffings); 2 = moderate inflammation
(microglial activation with formation of microglial nodule and moderate lymphocytic
perivascular cuffings), and 3 = marked inflammation (microglial activation with
formation of microglial nodule with extension of microglia aggregates outside
nodules, severe perivascular lymphocytic cuffings with aggregates of lymphocytes

outside the perivascular area).

Statistical analysis

All antigen parameters were compared between the furious and paralytic groups of
rabid dogs using the Mann-Whitney U test for a one-tailed test. Statistical analyses
were performed using Statistical Package for Social Science software (SPSS version
17.0, SPSS Inc., Chicago, IL, USA). Statistical significance was considered when p <

0.05.

Results

Pattern of rabies antigen

Rabies antigen-positive neurons

In both furious and paralytic rabies, spinal cord neurons were most severely infected,
followed by brainstem neurons (Table 1). Cerebral cortical neurons were the least
affected group of nerve cells examined. The percentage of rabies antigen-positive

neurons was significantly greater in the furious dogs as compared to the paralytic in
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the frontal (p = 0.038) and occipital (p = 0.029) lobes. No significant difference was
observed at the parietal and temporal cortices, caudate, thalamus, hippocampal cornu
ammonis, and cerebellum. The viral antigen was ubiquitous in the brainstem neurons
of both clinical forms with no significant difference. Viral antigen was also
widespread in the spinal cord of both forms, with significantly greater number noted
in furious dogs at the cervical (p = 0.025), lumbar (p = 0.025), and sacral (p = 0.025)
levels. Two of the five furious canines with absence or nearly absence of viral antigen
in the cerebrum revealed numerous rabies antigen-containing neurons in the spinal

cord.

Rabies antigen dot per positive neuron

In furious and paralytic rabies, the average number of antigen dots per infected neuron
was greatest in the spinal cord and brainstem neurons (Table 1). There was, however,
no significant difference between the two clinical forms in all anatomical regions,
except for the cervical spinal cord where greater number was observed in the furious

canines (p = 0.025).

Rabies antigen area per positive neuron and in hippocampal dentate fascia

In each clinical form (furious and paralytic), rabies antigen-positive area within
infected neuron was greater in the brainstem and spinal cord, compared to the
supratentorial structures and the cerebellum (Table 1). The average rabies antigen area
was larger in furious than paralytic group at several brain regions; including occipital
cortex (p = 0.038), hippocampal cornu ammonis (p = 0.023), caudate nucleus (p =
0.038), thalamus (p = 0.025), midbrain (p = 0.014), medulla (p = 0.043), and cervical

cord (p = 0.025). At the hippocampal dentate fascia, percentage of antigen-positive
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area was also significantly greater in the furious rabies as compared to paralytic (0.43

vs 0.01%, p = 0.042).

Percentage of antigen area outside neuronal cell body

Rabies antigen outside neuronal cell body was frequently observed at the brainstem
and spinal cord of furious canine. Percentage of the antigen area was greater in the
furious dogs as compared to paralytic at multiple anatomical sites (Table 1); including
the frontal cortex (p = 0.024), temporal cortex (p = 0.038), occipital cortex (p =
0.024), hippocampal cornu ammonis (p = 0.024), brainstem, and spinal cord at the

cervical (p = 0.025) and thoracic (p = 0.025) levels.

Pattern of inflammation

Inflammatory response in the brain of both clinical forms was generally mild. More
intense inflammation was, however, appreciated at the brainstem of paralytic dogs
than in the furious counterpart (p values = 0.002, 0.007, 0.01, at the midbrain, pons,
and medulla, respectively) (Fig. 3). The degree of inflammation in the paralytic dog
brainstem gradually decreased along the caudal length of spinal cord. Mild

inflammation was observed in the brainstem and spinal cord of furious canines.

Discussion

It 1s intriguing why rabies can manifest as furious or paralysis. This is particularly
distinct in human and dog. The observation that the same rabid dog transmitted
paralytic rabies to one and furious to another may suggest differential response of host
(Hemachudha ez a/, 1988). Sequence analysis of glycoprotein (G), nucleoprotein and

phosphoprotein genes of rabies virus isolated from human patients and dogs with



O J o U WD

OO CTUIUTUIUTUIUTUTOTOT S DB DB DDA DWWWWWWWWWWNNNNNNDNNONNNNN R R R R R e
D™ WN RO WO JdNTT D™ WNROWVW®O-JAUBDWNROWOW®O-JdOAUTDWNR,OWOWTJAUBWNROWO®--TIoU S WN F O W

10

furious and paralysis did not show any specific pattern (Hemachudha ez a/, 2003).
Study of genetic diversity of the G gene of rabies virus within a single rabies infected
dog by comparing the cloned sequences in the virus population showed closely related
heterogeneous populations with minor substitutions at nucleotide and amino acid

levels (Khawplod ef al, 2006).

Comprehensive neuroantomical distribution of rabies nucleocapsid viral antigen
has been reported in 10 dogs infected with street virus (Suja et al, 2009). The overall
distribution of viral antigen was essentially the same in all animals, with greater
involvement of the brainstem than the supratentorial structures. In the cerebral
hemisphere, antigen was maximally found in the frontal lobe. Involvement of the
limbic system, hippocampus, amygdala, cingulate gyrus, and the indiseum griseum
was also pronounced. Despite the detailed anatomic description, only dogs with
furious rabies were studied, and no spinal cord was available for examination. In our
study, examination of rabies antigen by using combined approach; percentage of
positive neurons, average number of antigen dot per positive neuron, average antigen
area in positive neuron, and percentage of antigen area outside neuronal cell body,
may offer a more accurate assessment than examination of percentage of positive
neurons alone (Table 1).

In line with the above study (Suja ef al, 2009), the furious dogs in our cohort
also demonstrated greater amount of viral antigen in the brainstem than in the
supratentorial structures. In addition, we demonstrated that the spinal cord was the
most severely affected site where almost all neurons contained rabies antigen.
Preferential involvement of the midline structures (thalamus, basal ganglia, and
brainstem) regardless of the clinical forms was similar to the studies in rabies patients

who died earlier than 5 days (Tirawatnpong et al, 1989) and in dogs at the early stage
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of disease (Laothamatas et a/, 2008). However, no preferential involvement of the
frontal cortex was found among the neocortices as previously described (Suja et al,
2009).

Inclusion of paralytic dogs and spinal cord tissue for examination in this study
has allowed us to examine thoroughly whether there were any differences in degree
and in distribution of rabies antigen and inflammation in the whole CNS within the
same group (brain vs spinal cord) and between the 2 groups (furious vs paralysis).
With quantitative image analysis, we were able to identify greater percentage of
positive neurons in furious cases, as compared to paralysis, in several regions;
including the frontal and occipital cortices, as well as in the spinal cord particularly
towards the caudal end. Significantly larger rabies antigen dot(s) area per positive
neuron was found in furious canines at the hippocampus, caudate, thalamus, and
brainstem, as well as the occipital lobe and cervical cord where the percentage of
infected neurons was also greater. Granular neurons in the dentate gyrus of
hippocampus appeared to be affected more severely in furious cases than in the other
form. In addition, percentage of positive antigen area outside the neuronal cell body,
presumably representing antigen in the neuronal cell processes, was also greater in
several regions in furious dogs (cerebral cortices, hippocampus, brainstem, and spinal
cord). All of these findings imply that the virus in furious form of rabies is more
aggressive, with greater ability to widely colonize the CNS.

The brainstem neurons were extensively involved in both forms of rabies. The
most intrigue finding in this region is the more intense inflammation noted in the
paralytic dogs, compared to the furious. The entire spinal cord of both clinical forms
was full of viral antigen, including 2 paralytic dogs in which the antigen in the brain

was absent or nearly absent. This finding suggests that, in paralytic rabies,
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inflammatory response at the brainstem might act as a barrier that impedes viral
entrance to the brain, from the bites at the head and face into the cranial nerves and
brainstem.

It has been shown that inflammatory cells in furious street dogs undergo
apoptosis, thereby interfering with release of cytotoxic cytokines and preventing cell
lysis (Suja et al, 2009). This finding is in line with the previous demonstration of
early triggering of Fas ligand (FasL) production in rabies-infected neurons, leading to
the destruction of migratory T cells by the Fas/FasL apoptosis pathway (Baloul ez al,
2004). However, if apoptosis does occur in leukocytes in paralytic dogs, it would
enhance viral spreading into the brain. The opposite is true in paralytic dogs in our
cohort where a lesser extent of virus was found in the brain. In addition, our previous
demonstration of greater cytokine mRNAs in paralytic dog brains argues against
leukocyte dysfunction (Laothamatas et al, 2008). A possible difference in apoptotic
pattern of the inflammatory cells between the furious and paralytic rabies is under
investigation.

In conclusion, distribution of rabies antigen and inflammatory response differs
between the furious and paralytic rabies at the early stage of disease. Rabies virus
appears to be more aggressive, with greater ability for dissemination in the furious
subtype, compared to the paralytic counterpart. Virus is ubiquitous in the brainstem
and spinal cord in both clinical forms. Inflammatory response is, however, more
severe at the brainstem of paralytic dogs. Rabies virus quasispecies and/or different
host immune response might contribute to the diverse clinical forms of rabies

encephalitis.
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Legend for Figures

Fig 1. Quantitative analysis of rabies antigen (for all regions except hippocampal
dentate fascia). Upper panel: Diagram shows 2 neurons (triangles) and 2 non-
neuronal cells (circles without surrounding triangle) (A). Black areas represent rabies
antigen within neurons and outside cell body (in the neuropil background). All
neurons are outlined (B) and computer program calculates 4 antigen parameters: 1.)
percentage of positive neurons, 2) average number of antigen dot per positive neuron,
3) average antigen area in positive neuron, and 4) percentage of antigen area outside
neuronal cell body. Lower panel: Neurons in an original image of rabies immunostain

(C) are manually outlined (D), and undergo image analysis to detect rabies antigen

(E).

Fig 2. Quantitative rabies antigen analysis for hippocampal dentate fascia. Upper
panel: Diagram shows granular neurons of the hippocampal dentate fascia (white
circles) and rabies antigen (black dots) (A). The entire dentate area is outlined (B),
and computer program calculates percentage of the antigen area to the total dentate
area. Lower panel: Original hippocampal dentate fascia stained with rabies antibody
(A) 1s outlined (B), and undergoes image analysis to detect rabies antigen within the

dentate fascia (E).

Fig 3. Inflammation of the nervous system in canine rabies. More intense
inflammation is observed at the brainstem of paralytic rabies compared to the furious
counterpart; p values = 0.002, 0.007, 0.01, at the midbrain, pons, and medulla,
respectively (A). Inflammation in the brain and spinal cord is generally mild in both

clinical forms. In the X-axis (A); C, T, L and S stand for cervical, thoracic, lumbar,
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and sacral, respectively. Pathology of brainstem in paralytic (B) and furious (C)
canines is shown (hematoxylin and eosin stain). Note intense inflammation in the

paralytic rabies.
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Diagnosis of rabies relies on the fluorescent antibody test (FAT) from brain impression smears. The mouse
brain inoculation test is used to confirm FAT but requires weeks until the result is known. TagMan real-
time PCR has been described for rabies viral RNA detection; however, this is burdened by primer and probe
binding site mismatches. The purpose of this study was to develop a TagMan real-time RT-PCR assay as
an adjunct to FAT, based on national data of 239 rabies nucleoprotein sequences from rabies-infected
brain specimens collected between 1998 and 2003. Two showed as many as 3 mismatches. However,

g?{)';‘:;rgisr"us mismatches on primer and/or probe binding sites did not affect amplification or detection. One hundred
Real-time RT-PCR and forty-three brain samples submitted for rabies diagnosis from all over the country between 2005 and
Diagnosis 2007 were also tested. Results were concordant with FAT. Thirteen rabies proven samples from Myanmar,

Cambodia, Indonesia and India; 3 of which had up to 7 mismatches at primer/probe binding sites, could be
detectable. Challenge Virus Standard, a fixed virus strain with 4 mismatches at probe binding site, could
not be detected but remained amplified. This assay could be used as an adjunct to FAT and may serve as

a rabies surveillance tool.

© 2008 Elsevier B.V. All rights reserved.

Rabies virus is a negative sense, single stranded RNA virus
which belongs to the genus Lyssavirus of the family Rhabdoviri-
dae. Its single-stranded RNA contains about 12,000 nucleotides
associated with the 5 viral proteins: the nucleoprotein (N), the
phosphoprotein, the matrix protein, the glycoprotein and poly-
merase (Rupprecht et al., 2002). The dog is the major reservoir and
vector. Worldwide human mortality from rabies was estimated to
be 55,000 deaths per year (Knobel et al., 2005). In Thailand, as many
as 25% (338 of 1359 samples) of animal brains submitted for rabies
testing during 2006 were rabies confirmed (Report of Department
of Livestock Development). Rabies diagnosis in animal brains is
based on the fluorescent antibody test (FAT) as the standard tech-
nique. The classic mouse inoculation test (MIT) (Koprowski, 1996)
can lead to considerable delay, requires facilities for experimen-
tal animals, and is labor intensive. Real-time PCR methods have
been developed and evaluated for the detection of rabies viral
RNA (Black et al., 2002; Hughes et al., 2004; Wakeley et al., 2005;
Nagaraj et al., 2006; Foord et al., 2006; Saengseesom et al., 2007).

* Corresponding author. Tel.: +66 2 256 4000x3561; fax: +66 2 652 3122.
E-mail address: spwa@hotmail.com (S. Wacharapluesadee).

0166-0934/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jviromet.2008.05.004

The number of sequence mismatches between TagMan primer and
probe set and target sequences of rabies viruses significantly affects
amplification and detection (Hughes et al., 2004; Wakeley et al.,
2005).

In this study, a TagMan real-time reverse transcription (RT)-PCR
assay for the detection of rabies viral RNA in brain tissue specimens
was developed based on rabies genetic sequence data acquired dur-
ing the nationwide survey in Thailand between 1998 and 2003
(Denduangboripant et al., 2005). Analysis of 239 partial N gene
sequences of rabies virus, isolated from rabies-infected humans
and animals, revealed a single monophyletic tree of 2 distinct phy-
logroups (Denduangboripant et al., 2005). One phylogroup consists
of 3 subgroups, distributed in the central region of the country,
whereas another consists of 8 that are widely distributed through-
out the country.

Sequence divergence may have impacted on the efficiency of
the amplification or detection steps of TagMan real-time RT-PCR
assay. All previous RNA extracts of 239 samples collected between
1998 and 2003 (Denduangboripant et al., 2005), as well as those
of rabies-infected animals and humans from Myanmar, Cambo-
dia, Indonesia and India (5, 1, 4 and 3 samples, respectively)
obtained during 2003-2006, and Challenge Virus Standard (CVS),
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a fixed rabies virus strain, were included for analysis. RNA was
extracted from brain tissue specimens with RNeasy lipid tissue
minikit (Qiagen Inc., Valencia, CA, USA) according to the manufac-
turer’s instruction. For other type of specimens, RNA was extracted
by using the silica-guanidine thiocyanate protocol, NucliSense
[solation Reagent (Biomerieux, Boxtel, The Netherlands). Further
evaluation was also performed on animal brain specimens submit-
ted for rabies diagnosis in Thailand during 2005-2007.

The primers and probe targeting conserved sequences in rabies
N gene of the above mentioned 239 isolates, GenBank accession
numbers AY849022 to AY849260, were designed using the Primer
Express software (Applied Biosystems, Foster City, CA, USA) (per-
formed by Dr. Yingyos Avihingsanon, Chulalongkorn University
Hospital). The forward primer (1129F 5'-CTGGCAGACGACGGAACC-
3’)and the reverse primer (1218R 5'-CATGATTCGAGTATAGACAGCC-
3’) amplified a 90 base pairs fragment. The fluorescent probe
(RB probe 5-TCAATTCTGATGACGAGGATTACTTCTCCGG-3’) was
designed to anneal to a sequence internal to the PCR primer. The
fluorescent reporter dye, a 6-carboxyfluorescent (FAM) was located
at the 5’-end of the probe and the quencher 6-carboxy-tetramethyl-
rhodamine (TAMRA) was located at the 3’-end. Real-time RT-PCR
was performed in a Roche LightCycler 1.5 (Roche Diagnostics,
Mannheim, Germany) with 20 .l glass capillaries. TagMan real-
time RT-PCR reactions were performed in a final volume of 20 .l
using the QuantiTect™ Probe RT-PCR Kit (Qiagen) according to the
manufacturer’s instructions. Each reaction contained 10 .l of 2x
QuantiTect Probe RT-PCR Master Mix, 2.4 .l of RNase-free water,
0.2 pl of QuantiTect RT Mix, 1.0 wl of 20 wM of each primer, 0.4 .l
of 10 uM of probe and 5l of RNA extract. Control samples in
each run included rabies positive RNA extract and water instead of
rabies RNA extract as negative control. Cycling conditions included
reverse transcription at 50°C for 20 min, incubation at 95°C for
15 min, and 45 cycles of 95°C for Os [a denature temperature of
PCR profile at 95 °C for 0s, according to the manufacturer’s instruc-
tions (QuantiTect™ Probe RT-PCR Kit, Qiagen)] and 60 °C for 1 min.
The cycle number required to achieve a definite fluorescence sig-
nal (crossing point, CP) was calculated by the second derivative
maximum method (LightCycler software version 4.05). The CP is
correlated inversely with the logarithm of the initial template con-
centration.

The minimum detection threshold of the assay was determined
by testing with known amounts of the in vitro transcribed negative-
sense rabies RNA which were generated by T7 RNA transcription
(Promega, Madison, WI, USA) of the PCR-generated DNA fragment
(Logel et al., 1992). The resulting RNA was treated with DNase I to
remove the DNA templates, purified with an RNA column (Qiagen),
quantified by spectrophotometry, and expressed as copy num-
bers/ml. The in vitro runoff transcripts contained 338 bases of street
rabies virus sequence (GenBank accession number DQ267925). This
was complementary to primers and probe. A linear curve was
obtained as the amount of input negative-sense RNA increased
from 4.0 copies to 4 x 106 copies per reaction. The lowest detec-
tion limit was 4.0 copies per reaction (CP=36.96). The specificity
of the assay was tested against other 6 encephalitis viruses, includ-
ing enterovirus, cytomegalovirus, varicella-zoster, herpes simplex,
Epstein-Barr, and dengue viruses. No amplification was observed.
The results confirmed the specificity of the assay (data not shown).

One hundred and sixty-eight out of 239 Thai rabies isolates had
nucleotide sequences identical to designed forward and reverse
primers as well as the probe. The remaining isolates were defined
according to varieties of mismatch at primers or probe regions
(Table 1, only representatives were shown). Twenty-five samples
had 1 or 2 mismatch(es) in forward primer (category 1); 29 samples
had 1 mismatch in probe (category 2); 7 samples had 1 mismatch
in reverse primer (category 3); 2 samples had mismatches in both

forward primer and probe (category 4); 2 samples had 1 mismatch
each in forward and reverse primers (category 5); 6 samples had
1 mismatch each in probe and reverse primer (category 6). There
was no specimen that had mismatch in all 3 regions of forward
primer, probe and reverse primer. Six categories of mismatch were
summarized in Table 1.

In order to determine the validity of the assay and the effects
of sequence variations, TagMan real-time RT-PCR was applied
to all previously extracted RNA of 239 isolates during 1998 and
2003. All were successfully amplified and could be detected by
the probe. Total RNA yields from dog brain tissue, determined by
spectrophotometry, were in the range of 16.17-367.38 ug/ml or
0.081-1.836 p.g/reaction. There was no correlation between the
amount of total RNA (of the brain and virus) and CP of real-time
PCR in samples with and without mismatches (Table 1).

Thirteen rabies samples from Myanmar (5), Cambodia (1),
Indonesia (4) and India (3), could be amplified and detected by
TagMan real-time RT-PCR. Four Myanmar, 1 Cambodian and 1
Indian samples had target sequences identical to primers and probe
(Table 2). The remaining Myanmar sample had one mismatch each
in forward primer and probe. Two Indonesian and 1 Indian samples
had 4, 5 and 2 mismatches in primer alone or primer(s) and probe
(Table 2). As many as 7 mismatches between the viral sequence
and that of the TagMan primer and probe set were found in 2 of the
Indonesian and 1 of the Indian samples. Three mismatches in probe
binding site were found in these 2 Indonesian samples. These sam-
ples had CP values at 23.21 and 17.45 (S618 and S621, respectively)
but the maximum fluorescence value, representing the efficiency of
probe-target binding at endpoint of the reaction, was low (data not
shown). No significant effect was found on this Indian sample with 2
mismatches in probe binding site (Table 2). All 13 samples could be
detected by SYBR green real-time RT-PCR (Qiagen) using the same
primer pair (1129F/1218R). Six dilutions of CVS RNA extracts (rang-
ing from 2 to 2 x 10° ng per reaction) were subjected to real-time
RT-PCR. They could be detected by SYBR green but not by TagMan
real-time RT-PCR. An amplicon of the correct size was produced
following the TagMan RT-PCR assay (as determined by agarose gel
electrophoresis). Four mismatches at probe binding site were found
in CVS (Table 2).

This assay was evaluated further on 143 clinical samples
obtained from 4 Regional Veterinary Research and Development
Centers (Northern upper zone 25; Eastern 78; Northeastern upper
zone 15; Southern 10 samples) and National Institute of Animal
Health (15 samples), Department of Livestock Development. These
samples were collected between 2005 and 2007 and tested for
rabies virus using standard FAT and MIT. These brain samples
belonged to different animal species, such as dog, corvine, elephant,
hamster, guinea pig, rabbit, goat and cow.

All 143 brain samples of positive (58) or negative (85) FAT and
MIT results were tested blindly at each individual facility with Tag-
Man real-time RT-PCR using its own extraction method. TagMan
real-time RT-PCR was performed in a final volume of 20 .l using the
LightCycler RNA Master HybProbe (Roche Diagnostics) according to
the manufacturer’s instructions. Each reaction contained 7.5 .l of
LightCycler RNA Master HybProbe, 1.3 .l of 50 mM Mn(OAc);, 6.8 .l
of RNase-free water, 1.0 ul of 20 wM of each primer, 0.4 .l of 10 pM
of probe and 2 .l of RNA extract. The reactions were then carried
out in the LightCycler 2.0 instrument (Roche Diagnostics). Cycling
conditions included reverse transcription at 61 °C for 20 min, incu-
bation at 95 °C for 2 min, and 45 cycles of 95 °C for 2 s and 60 °C for
1 min. The results of TagMan real-time RT-PCR were in accord with
standard FAT and MIT results despite differences in extraction and
amplification methods.

Certain mismatches between sequences of TagMan primer and
probe set and the target are detrimental to amplification and detec-
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Table 1

Categories of mismatches from nationwide survey samples during 1998-20032

Category/accession number RNAP (pg/ml) TagMan result, CP¢ Mismatch position? (nucleotide change)

H P R

1. Mismatch in forward primer region
AY849025 40.14 15.59 1(A) - -
AY849030 69.58 13.15 15(G) - -
AY849031 162.15 13.85 3(T) - -
AY849033 16.71 15.89 15(G) - -
AY849055 49.50 14.83 12(T) - -
AY849067 89.58 15.43 12(T), 15(G) - -
AY849074 121.96 15.77 15(G) - -
AY849122 26.56 16.29 12(T) - -

2. Mismatch in probe region
AY849105 32.87 15.25 - 30(A) -
AY849106 234.83 22.11 - 13(G) -
AY849139 90.10 21.45 - 30(A) -
AY849140 7348 14.96 - 11(C) -
AY849183 367.28 14.99 - 23(T) -
AY849194 266.62 17.77 - 11(C) -

3. Mismatch in reverse primer region
AY849023 47.34 16.14 - - 14(G)
AY849053 205.17 17.09 - - 2(A)
AY849056 96.39 18.10 - - 1(A)
AY849072 75.37 16.12 - - 4(C)
AY849192 49.65 25.87 - - 7(T)

4. Mismatch in forward primer and

probe regions
AY849024 53.85 15.36 12(T), 18(G) 7(G) -
AY849113 50.76 18.35 15(G) 23(T), 29(T) -

5. Mismatch in forward and reverse

primer regions
AY849042 53.34 14.64 1(T) = 14(A)
AY849241 58.36 14.56 12(T) = 10(C)

6. Mismatch in probe and reverse
primer regions

AY849250 115.38 21.20 - 2(T) 7(T)
AY849258 2430 17.93 = 2(T) 7(T)
AY849242 17.39 15.93 = 14(T) 10(C)
AY849259 26.09 15.52 - 14(T) 10(C)

2 Only representative samples were shown.

b Total RNA concentration of purified nucleic acid from brain tissue specimens.

¢ Crossing point.

4 The nucleotide mismatch position between the target sequences and those of the forward primer (F), probe (P) and reverse primer (R). The total numbers of oligonucleotide
of forward primer, probe and reverse primer were 18, 31 and 22 base pairs, respectively.

Table 2
Results of TagMan and SYBR green real-time RT-PCR on CVS virus and from other Asian samples
Number Source/country PCR result: TagMan/SYBR green Mismatch position? (nucleotide)

F P R T
CVs Laboratory strain —[+ 9(T) 5(C), 20(C), 23(T), 29(T) 1(A) 6
U71 Human/Myanmar +[+ - - - 0
us7 Human/Myanmar +[+ - - - 0
U640 Human/Myanmar +[+ - - - 0
S871 Human/Myanmar +[+ - - - 0
U121 Human/Myanmar +[+ 1(T) 16(T) - 2
U563 Human/Cambodia +[+ - - - 0
S618 Dog/Indonesia +[+ 1(T), 9(T) 20(C), 23(T), 29(T) 7(T), 10(C) 7
S619 Dog/Indonesia +[+ 1(T), 9(T) 23(T), 29(T) 10(C) 5
S620 Dog/Indonesia +[+ 1(T), 9(T) 23(T), 29(T) - 4
S621 Dog/Indonesia +[+ 1(T), 9(T) 20(C), 23(T), 29(T) 10(C), 22(A) 7
A45 Dog/India +[+ 9(T), 18(T) 8(G), 20(C) 1(A), 7(T), 10(T) 7
R43 Human/India +[+ - - - 0
R73 Human/India +[+ - - 7(T), 10(T) 2

2 The nucleotide mismatch position between the target sequences and those of the forward primer (F), probe (P) and reverse primer (R). The total numbers of oligonucleotide
of forward primer, probe and reverse primer were 18, 31 and 22 base pairs, respectively. The total number (T) of mismatches is also shown.
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tion. Mismatches of at least 4 nucleotides at primers and probe as
well as mismatching of nucleotides between target and the center
of probe have been suggested to significantly affect the outcome
(Hughes et al., 2004). Mismatches at the probe binding site have
the greatest effect on TagMan assay (Smith et al., 2002). Two mis-
matches in the probe binding site resulted in a slight reduction
in efficiency but no detectable influence on sensitivity (Yao et al.,
2006). In this study, the maximum of 3 mismatches in TagMan
primer and/or probe set was found in samples from all over the
country collected between 1998 and 2003. A maximum of 2 mis-
matches in probe region was found in only one sample (AY849113).
These did not have any effect on detection system (Table 1). The
number of mismatches in TagMan primer and probe set varied from
2 to 7 in samples from Myanmar, Indonesia and India (Table 2). An
earlier report demonstrated that even 5 mismatches in the probe
binding position could still generate a detectable signal, although
with a substantial reduction in efficiency and sensitivity (Yao et
al., 2006). This was also true in the 2 Indonesian samples with 3
mismatches in the probe region. Nevertheless, mismatches in the
probe binding position may remain significant. CVS virus with 6
mismatches (4 at probe) could be amplified but was not detectable
by probe. Therefore, both numbers and positions of mismatches
may prevent the generation of a fluorescent signal although the PCR
itself can proceed normally. One Myanmar sample (U121; Table 2)
had a mismatch at the center of the probe at position 16 of 31
nucleotides. There was no demonstrable effect on generation of
the fluorescent signal as previously reported (Hughes et al., 2004).
It is not certain to what extent that mismatches at the center of
probe can adversely affect the outcome since samples studied were
limited.

The fact that this real-time RT-PCR assay with TagMan probe
could identify the rabies variant prevalent in Thailand (from 1998 to
2007) as well as those in bordering countries (Myanmar, Cambodia)
and in Indonesia and India, may suggest that it can be applicable
for rabies RNA detection in Thailand and, perhaps, in this wider
region if more samples can be tested and their sequences evaluated.
Target sequences and primer binding sites may be less sensitive
for mismatch as compared to that in the probe. Two to five mis-
matches were found in forward/reverse primer regions in samples
from Indonesia and India (Table 2), yet a signal could be successfully
generated by SYBR green assay.

The results suggest that TagMan real-time RT-PCR assay, based
on partial rabies N sequence, is a reliable and sensitive test for the
detection of viral RNA from brain specimens. It may serve as an
adjunct or even to confirm the results of FAT with the understand-
ing that genetic sequence data must be constantly updated. It also
may serve as a surveillance tool for newly emerged rabies variants

or variants that originate from different geographical locations if
non-concordant results are found between FAT or SYBR green and
TagMan real-time RT-PCR. Sequencing or use of variant-specific
primers and probe should further elucidate these findings.
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Abstract

After 12 serial Nipah virus outbreaks in humans since 1998, it has been noted that all except the initial event in
Malaysia occurred during the first 5 months of the year. Increasingly higher morbidity and mortality have been
observed in subsequent outbreaks in India and Bangladesh. This may have been related to different virus strains
and transmission capability from bat to human without the need for an amplifying host and direct human-
to-human transmission. A survey of virus strains in Pteropus lylei and seasonal preference for spillover of these
viruses was completed in seven provinces of Central Thailand between May 2005 and June 2007. Nipah virus
RNA sequences, which belonged to those of the Malaysian and Bangladesh strains, were detected in the urine of
these bats, with the Bangladesh strain being dominant. Highest recovery of Nipah virus RNA was observed in
May. Of two provincial sites where monthly surveys were done, the Bangladesh strain was almost exclusively
detected during April to June. The Malaysian strain was found dispersed during December to June. Although
direct contact during breeding (in December to April) was believed to be an important transmission factor, our
results may not entirely support the role of breeding activities in spillage of virus. Greater virus shedding over
extended periods in the case of the Malaysian strain and the highest peak of virus detection in May in the case of
the Bangladesh strain when offspring started to separate may suggest that there may be responsible mechanisms
other than direct contact during breeding in the same roost. Knowledge of seasonal preferences of Nipah virus
shedding in P. Iylei will help us to better understand the dynamics of Nipah virus transmission and have
implications for disease management.

Key Words: Bats—Transmission—Zoonosis.

Introduction

NIPAH VIRUS WAS FIRST DISCOVERED in 1999 after a major
outbreak in pigs and humans occurred in peninsular
Malaysia between September 1998 and April 1999. It resulted
in the death of 105 out of 265 human cases, and the culling of
over one million pigs (Chua et al. 1999, Goh et al. 2000). Pigs
were the amplifying hosts. All human patients had occupa-
tional contact with infected pigs (Mohd Nor et al. 2000).
Nipah virus has been isolated from the brain and spinal
fluid of victims (Chua et al. 2000). Nipah and Hendra viruses
belong to a new genus, Henipavirus, within the subfam-

ily Paramyxovirinae of the family Paramyxoviridae, order
Mononegavirales (Wang et al. 2001). Six transcription units
encode six major structural proteins: the nucleocapsid (N),
phosphoprotein, matrix protein, fusion protein, glycoprotein,
and large protein or RNA polymerase.

Human infections with Nipah virus continued in
Bangladesh in 2001 and 2003 to 2008 with approximately
70% mortality (Table 1) (Record of WHO Regional Office for
South East Asia [WHO/SEARO]). Nipah virus-associated
encephalitis outbreaks were also reported from India in 2001
and 2007 (Chadha et al. 2006, WHO/SEARO record). As of
February 2008, a total of 475 cases were recognized with 247

Molecular Biology Laboratory for Neurological Diseases, Department of Medicine, Chulalongkorn University Hospital, Bangkok,

Thailand.

*Ministry of Natural Resources and Environment, Bangkok, Thailand.

SWHO Regional Office for South East Asia, New Delhi, India.
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TABLE 1. MORBIDITY AND MORTALITY OF NIPAH OR NIPAH-LIKE VIRUS, Asia-PAcrric REGION, 1998-2008

No. of No. of Case fatality
Dates Location cases deaths rate (%)
September 1998-April 1999 Malaysia 265 105 40
March 1999 Singapore 11 1 9
February 2001 Silguri, India 66 45 68
April-May 2001 Meherpur, Bangladesh 13 9 69
January 2003 Naogaon, Bangladesh 12 8 67
January 2004 Goalando, Bangladesh 29 22 76
April 2004 Faridpur, Bangladesh 36 27 75
January-March 2005 Tangail, Bangladesh 12 11 92
April 2007 Nadia, India 5 5 100
January—February 2007 Thakurgaon, Bangladesh 7 3 43
March-April 2007 Kustia, Bangladesh 8 5 62
February 2008 Manikganj and Rajbari, Bangladesh 11 6 54.5

deaths. The approximate case fatality rate was 52%.
Comparing case fatality rate in Malaysian and the Indian-
Bangladesh incidents, that of the latter was much higher (40%
vs. 70.8%).

During the Malaysian outbreak, pigs were the apparent
source for infection of humans. Domestic dogs and cats were
also infected from eating pig carcasses (Yob et al. 2001). Studies
of the prevalence of Nipah virus in bats showed that Pteropus
lylei as well as other bats belonging to the same or other families
(Table 2) could be infected and become reservoirs. In Malaysia,
the highest seroprevalence was found in Megachiropteran bats
(Pteropodidae family) (Pteropus hypomelanus [31%], Eonycteris
spelaea [5%), and Cynopterus brachyotis [4%]), whereas only 3%
of Scotophilus kuhlii (suborder of Microchiroptera) was anti-
body positive (Yob et al. 2001). Subsequent studies confirmed
Pteropus bats as the main reservoir of this virus (Wachar-

apluesadee et al. 2005). Relatively large amounts of urine after
the morning meal (which may include the virus), type of
feeding (same fruits eaten by humans and other animals), and
their roosting sites (trees), which are usually close to a human
community, may also be factors in enhancing viral transmis-
sion. Virus and its RNA were demonstrated in the urine and
serum of flying foxes (Chua et al. 2002, Reynes et al. 2005,
Wacharapluesadee et al. 2005, 2006).

Subsequent outbreaks in India and Bangladesh (Fig. 1),
where pig farming was uncommon, suggested other inter-
mediary sources or direct transmission from bats to humans.
No cluster of ill animals, such as pigs, dogs, shrews, rodents,
and birds, was observed or reported in Mehepur and Nao-
gaon districts of Bangladesh (Hsu et al. 2004). Antibodies
reactive to Nipah virus antigen were detected in Pteropus
giganteus adult females. Investigations of different Nipah

TABLE 2. RANGES OF BAT SPECIES PREVIOUSLY SHOWN TO HAVE Ni1raH VIRUS (ADAPTED FROM 2007
INTERNATIONAL UNION FOR CONSERVATION OF NATURE AND NATURAL RESOURCES RED LisT
OF THREATENED SPECIES, WWW.IUCNREDLIST.ORG, DOWNLOADED ON AUGUST 24, 2008)

Species

Geographic range

Pteropus hypomelanus

Pteropus vampyrus
Tonga; Vanuatu
Pteropus lylei

Australia; Cambodia; Indonesia; Malaysia®; Maldives; Myanmar; Papua New Guinea;
Philippines; Solomon Islands;
Brunei Darussalam; Cambodia; Indonesia; Malaysia; Myanmar; Philippines; Thailand;

Thailand; Viet Nam

Cambodia®; Thailand®; Viet Nam

Pteropus giganteus
Pteropus rufus
Eonycteris spelaea

Cynopterus brachyotis
Eidolon dupreanum

Scotophilus kuhlii

Hipposideros larvatus

Bangladesh; China; India; Maldives; Nepal; Pakistan; Sri Lanka

Madagascar

China; India (Andaman Is., Andhra Pradesh, Assam, Karnataka, Manipur, Meghalaya,
Nagaland, Nicobar Is., Sikkim, Tamil Nadu, Uttaranchal); Indonesia; Malaysia; Myanmar;
Philippines; Thailand

Cambodia; China; India (Andhra Pradesh, Bihar, Goa, Karnataka, Maharashtra, Nagaland,
Tamil Nadu); Indonesia (Sulawesi, Sumatera); Lao People’s Democratic Republic;
Malaysia; Myanmar; Nepal; Philippines; Singapore; Sri Lanka; Thailand; Viet Nam

Madagascar

Bangladesh; India; Indonesia; Malaysia; Pakistan; Philippines; Sri Lanka; Taiwan,
Province of China

Bangladesh; Cambodia; China; India; Indonesia (Bali, Jawa, Kalimantan, Sumatera);
Lao People’s Democratic Republic; Malaysia (Peninsular Malaysia, Sabah, Sarawak);
Myanmar; Thailand®; Viet Nam

Boldface indicates countries where Nipah virus infection in bats was demonstated by antibody detection method.
“Countries where Nipah virus infection in bats was confirmed by isolation.
PCountries where Nipah virus infection in bats was confirmed by RNA detection.
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outbreaks in Bangladesh have identified different routes of
transmission such as climbing trees, contact with sick persons,
and contact with sick animals (Hsu et al. 2004, Gurley et al.
2007). Drinking of fresh date palm sap, possibly contaminated
by fruit bats (P. giganteus) during the winter season, may have
been responsible for indirect transmission of Nipah virus to
humans (Luby et al. 2006).

Periodic excretion of Nipah virus from bat urine was
suggested in one study from Malaysia (Chua et al. 2002). No
virus was isolated from the urine of P. hypomelanus on the first
two attempts in August 17, 1999, and August 23, 1999, but it
was successfully isolated on the third trip (June 11, 2000).
Here we report a systematic surveillance for Nipah virus in-
fection in P. lylei bats in Thailand to determine whether there
is a seasonal preference for virus transmission and whether
this correlates to bat behavior(s). Population dynamics of
P. Iylei by bounded count method were also studied to
determine the correlation between the number of bats and
breeding activities.

Materials and Methods
Study sites

All of the study sites were at temples (wat). Two sites at
Wat Luang, Chonburi province, and Wat Pho, Chachoeng-
sao province, and other five roosting sites at Singburi, Ayut-
thaya, Saraburi, Angthong, and Prachinburi provinces (Fig. 1;
Table 3) were chosen as study sites for evidence of Nipah
virus shedding. P. lylei bats in Wat Luang were studied
monthly from May 2005 to June 2007 and at Wat Pho monthly
from June 2005 to June 2007 (Table 4). Those in the remaining
sites were studied three times in February, May, and October
of 2006 (Table 5). The criteria for selecting the sites were based
on information from the Department of National Park,
Wildlife and Plant Conservation, Ministry of Natural Re-
sources and Environment. They included bat populations of
greater than 1000, whether it was possible to spread plastic
sheets, and areas containing only one species (P. Iylei). Direct
observation by bat ecologists both before and during the
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TABLE 3. STUDY SITES AND THEIR LOCATIONS WITH DESCRIPTIONS

Site, province

Specific location (latitude/longitude)

Site descriptions

Wat Luang, Chon Buri

Wat Poh, Cha Choeng Sao
Wat Kao Chang, Sing Buri

Wat Tha Sung, Ayutthaya
Wat Mongkolthiparam, Sara Buri

Wat Chantaram, Ang Thong

Wat Thawabutri, Pra Chin Buri

13°30'18.9"N, 101°09'54.9"E, 6 m asl

13°43/20.3"N, 101°12'06.7"E, 6 m asl
14°45'59.2"N, 100°26'48.0"E, 13 m asl

14°09'13.3"N, 100°30'14.9"E, 7m asl
14°20'26.4"N, 100°52'08.2"E, 8 m asl

14°40'13.3"N, 100°22'32.2"E, 9m asl

14°03'26.3"N, 101°21'01.4"E, 4m asl

A temple near community and
public school
A temple close to a river and market
A temple close to a river with grove
of Dipterocarpus trees
A temple close to a river and forest plant
A temple in the middle of the city
with roost trees close to temple’s fence
A temple close to community and
paddy field where there were bat
roosts on figs and tamarind trees
A temple close to a river with paddy
field surroundings

asl, Above sea level.

process of bat urine collection was done to ensure that P. Iylei
was the only species. However, one of seven survey sites, Wat
Chantaram, Angthong, was also found to contain two bird
species (Phalacrocorax niger and Casmerodius albus) as well.
Birds and bats were found together on the same tree only in
October 2006. In such cases, areas where only bats were found
were selected for urine collection. The plastic sheets were
spread at 5 a.m., and urine was collected at 6 a.m.

Population dynamics and behavioral studies

We used the bounded count method (Choudhary 1987) to
completely enumerate all P. Iylei bats at Wat Luang between
October 2005 and September 2006. Roost areas were divided
into 10 sections. Bats in all sections were concurrently counted
within 1 day. This process involved 10 visits by 10 skilled
forest officials. Monthly population numbers were obtained
based on calculations according to a formula previously de-
scribed (Choudhary 1987). Behavior of bats related to breed-
ing activities was observed during each survey to determine
when the breeding season would commence and when the
offspring would appear, which should coincide with an in-
crease in population.

Urine sample collection

Bat urine samples were collected using a plastic sheet as
reported previously (Chua 2003). At each site, plastic sheets
were laid at 26 spots under the trees where the urine and feces
of fruit bats were expected to be deposited as indicated by the
presence of previous droppings. Each sheet was 1.5x1.5m.
Sterile cotton swabs were used to soak up the urine on the
plastic sheet. These were immersed immediately into 9 mL of
Nuclisence Lysis buffer containing guanidine thiocyanate and
Triton X-100 (Biomerieux, Boxtel, The Netherlands). Two
cotton swabs containing approximately 1.2mL of bat urine
were pooled in each Lysis buffer tube. The tubes were kept
cold by placing them in a cooled box and transporting back to
the laboratory within 24 h.

Nipah virus genome detection

Pooled bat urine samples were tested for Nipah virus using
the duplex-nested RT-PCR method as described (Wachar-
apluesadee and Hemachudha 2007). After vortex, the urine
swabs were removed from the Lysis buffer tube. Total RNA
was extracted from urine specimens by using the silica-

TABLE 4. Prerorus LyLeEr PCR URINE REsSuLTs FOR NIPAH VIRUS BY MONTH AND YEAR OF COLLECTION
FROM Two CoroNiEs: WAT LuaNG (CoroNy 1) AND WAT PHoO (CoLONY 2)

PCR urine (no. pool positive/total)

Locality Year January February March April  May  June  July August September October November December
2005 6/48 1/31 0/27 0/21 ND  0/26 0/54  0/47
Colony 1 2006 1/37 0/42 0/26 3/80 4/51* 1/59 0/59 0/44 0/50 0/50 ND 0/37
2007 0/50 3/49 0/50 0/50 4/99 0/50
2005 0/13 0/31 0/11 0/35 0/59 0/45 1/25
Colony 2 2006 0/45 0/36 1/33 0/52 0/43 1/48 0/50 0/49 0/55 1/56 ND  0/20
2007 0/44 0/51 0/45 0/43 2/42 0/50
Total 1/176 ~ 3/178 1/154 3/225 16/283 3/251 0/167 0/125  0/140 1/191 0/99 1/129
% Positive 0.6 1.7 0.6 1.3 6.7 12 0 0 0 0.5 0 0.8

Underlined numbers indicate Malaysian strain, and those without, Bangladesh strain.
“Represents two of Bangladesh and two of Malaysian strains.
ND, not done due to flooding or technical problems.
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TaBLE 5. Prerorus LyLEI PCR URINE RESULTS FOR NIPAH
Virus FRoM FIveE CoronNiEs, COLLECTED IN 2006

PCR urine
(no. pool positive/total)
Colony Site, province February  May  October
A Wat Kao Chang, 0/33 3/48 0/30
Singburi
B Wat Tha Sung, ND 1/50  0/48
Ayutthay
C Wat Mongkolthiparam, 0/45 7/58  0/49
Saraburi
D Wat Chantaram, 0/54 1/50  0/30
Angthong
E Wat Thawabutri, ND 3/53  0/30
Prachinburi

ND, not done due to technical problems.

guanidine thiocyanate method according to manufacturer’s
protocol (Biomerieux). The extracted nucleic acid was stored
at —70°C until analysis. An RNA plasmid was introduced as
an internal control in the duplex RT-PCR as previously de-
scribed (Wacharapluesadee and Hemachudha 2007). Five
microliters of extracted samples and 2 uL of internal control
RNA were added to the One Step RT-PCR reagents (Qiagen,
Valencia, CA) for first-round amplification. For nested PCR,
1 uL of the first amplification products were added to a new
PCR mixture. The 10 uL of the PCR product was sized by gel
electrophoresis in 2% agarose containing 0.5 ug/mL of ethi-
dium bromide in Tris-borate-EDTA buffer and viewed under
UV light. The positive control used in this study was the
constructed RNA plasmid with 29 bp insertion. The negative
control (water) was included in all runs.

Analysis of the sequences

To identify the strains detected by PCR, heminested
amplification was performed from the firstround PCR
product as described previously (Wacharapluesadee and
Hemachudha 2007). Nucleotide sequences were aligned using

5

CLUSTAL_X computer software version 1.81 (Thompson
et al. 1997). The nucleotide sequences of N-gene at position
1197-1553 (according to GenBank accession no. NC_002728)
were analyzed. The viral strain was defined by comparing
similarities with other sequences deposited in the GenBank
database (GenBank accession nos. NC_002728, AY988601,
and AY858110 are the isolates from Malaysia, Bangladesh,
and Cambodia, respectively).

Results
Bat population and behavior

During October 2005 and September 2006, bat populations
at Wat Luang fluctuated between 8309 and 12,765 individu-
als (Table 6). With the exception of population numbers in
August, during which time some trees were removed and
some were cut back by pruning to remove branches, the
lowest number was found in March and the highest in May.
The breeding season commenced in December. Deliveries
began in February, and pup separation from the mother
started in May. The population decreased until August, and
then increased as the next breeding season.

A 95% confidence interval for a population estimate varied
most in May and November. Two sharp declines in the pop-
ulation occurred in the Wat Luang colony. The first incident
appeared from February to March and the second in June and
July (Table 6).

Temporal dynamics of virus detection

Wat Luang was found to have a higher urine positivity for
the presence of Nipah virus RNA than Wat Pho (27/1137
[2.4%] vs. 6/981[0.6%]). At Wat Luang, between May 2005
and June 2007, a total of 1137 pooled urine samples were
collected. Nipah virus RNA could be detected in urine in May
and June of 2005 and in January, April, May, and June of 2006
and February and May of 2007 (Table 4). Detection of Nipah
virus RNA in urine was constantly found in May (positive
rates of 6/48, 4/51, and 4/99 in 2005-2007).

At Wat Pho, during a similar time interval, a total of 981
pooled urine samples were collected. Virus RNA was

TABLE 6. BAT PoPULATION NUMBER AT WAT LUANG DURING OcTOBER 2005-SEPTEMBER 2006

Population numbers

Observation date® (lower limit-upper limit)®

Specific behaviors

October 21, 2005
November 22, 2005
December 20, 2005
January 15, 2006
February 19, 2006
March 18, 2006
April 20, 2006
May 21, 2006

June 19, 2006

July 20, 2006
August 24, 2006°
September 23, 2006

10,129 (9758-16,807)
11,344 (10,189-32,134)
11,091 (10,572-20,433)
11,720 (11,475-16,130)
10,780 (10,271-19,942)
9783 (9747-10,431)
12,213 (11,801-19,629)
12,765 (11,609-33,573)
10,515 (10,384-12,873)
10,094 (9964-12,434)
8309 (8195-10,361)
10,829 (10,153-22,997)

More flying bats over roost trees than usual
Courting, quarreling between males while competing for a mate
Male grooming female, copulation, gestation
Copulation, gestation

Delivery, new born first found

Delivery and lactating

Lactating, pairs infant-mothers number = 2070
Weaning, young learn to fly

Young hang by themselves

Nothing specific

Nothing specific

More flying bats than usual

“Observation times were during 10 am.-2 p.m. in all trips.
PAt level of significance « (p = 0.05).

“Some roost trees were removed, and some were cut back by pruning to remove branches.
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detected in urine in December 2005 (1/25); March (1/33), June
(1/48), and October (1/56) of 2006; and in May 2007 (2/42)
(Table 4).

At the remaining sites where surveys were done in
February, May, and October 2006, virus RNA was detected
only in May at all five sites (3/48, 1/50, 7/58, 1/50, and 3/53)
(Table 5).

Temporal—-spatial relationship and Nipah virus
strain identification

At Wat Luang, 16 out of 23 viruses were identical to
those from Bangladesh, and 7 out of 23 to the Malaysian
strains. Different patterns of virus shedding were found. The
Bangladesh strain was found exclusively during a 3-month
interval from April to June. May was the month when virus
RNA was most detectable in urine (Table 4). A more dispersed
pattern (January, February, May, June, and December) was
found in the case of the Malaysian strain.

At Wat Pho, four out of six viruses belonged to the
Bangladesh strains, and two out of six to the Malaysian strains
were found in December and March (Table 4). At the
remaining five sites where the surveys were done in February,
May, and October, only the Bangladesh stain was identified in
May (Table 5).

WACHARAPLUESADEE ET AL.

Forty-four PCR-positive specimens were sequenced to con-
firm strain identity and true-positive results. Direct sequencing
of the 41 heminested PCR-amplified products of the 357-
nucleotide coding region of the nucleoprotein and subsequent
sequence analyses resulted in a 92-100% homology between
isolates and a 93-100%, 92-99%, and 93-98% similarity with
isolates from Malaysia (NC_002728), Bangladesh, (AY988601),
and Cambodia (AY858110), respectively (GenBank accession
nos. EF070185-EF070190, EU603724-EU603751, EU603753—
EU603758, and EU620498). A Bangladesh strain like Nipah
virus with 98-99% similarity was found in 35 of 41 positive
specimens. Malaysian strain-like Nipah virus with 99-
100% similarity was found in 6 of 41 positive specimens. From
another three samples, only nested PCR amplicons of 181-
nucleotide sequences were obtained, and this resulted in
99-100% similarity to the isolate from Malaysia (GenBank
accession nos. EU624735-EU624737).

Relationship between bat behavior
and time of viral transmission

Courting activity was observed starting in November fol-
lowed by pregnancy. This continued until January. Delivery
started in February, and separation from the mother started
in May. Shedding of the Bangladesh strain peaked when
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FIG. 2. Diagram showing temperature, amount of rainfall, and months of the year samples were collected in (a) Chonburi
province, where Wat Luang is located, and (b) Chachoengsao province, where Wat Pho is located.
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offspring separated. Dispersal of all the Malaysian strain was
not related to the time of breeding, which was between De-
cember and April.

Temperature and amounts of rainfall in Chonburi
and Chachoengsao provinces

The temperature and amounts of rainfall for each of the
months of the year that samples were collected at two study
sites are shown in Figure 2a and b. They were Chonburi and
Chachoengsao provinces, where Wat Luang and Wat Pho are
located. Both areas showed similar patterns of rainfall and
temperature.

Discussion

This study confirms our earlier findings that P. lylei bats in
Thailand have been infected by Nipah virus (Wachar-
apluesadee et al. 2005). Previous serosurveys in nine prov-
inces in Central Thailand between March 2002 and February
2004 revealed evidence of Nipah virus infection in P. hypo-
melanus (4/26), P. lylei (76/813), and Pteropus vampyrus (1/39).
Only urine of P. lylei was found to be Nipah virus RNA
positive. Nevertheless, this does not underestimate the sig-
nificance of other pteropid species because the nature of virus
shedding is intermittent (Chua et al. 2002). P. hypomelanus and
P. vampyrus roost on islands and forests, whereas P. lylei live
in proximity to human households and temples, where either
direct or indirect contact with humans is possible. P. lylei,
therefore, is the focus of this study. Moreover, the finding of
unusually high antibody titers in P. lylei suggests that Nipah
virus circulates mainly in this bat species (Wacharapluesadee
et al. 2005). P. lylei was the only bat species that was Nipah
virus infected among 14 species tested in Cambodia (Reynes
et al. 2005).

Wat Luang and Wat Pho were chosen as sites to deter-
mine the seasonal preference of virus transmission. These two
temples were visited monthly. Wat Luang had previously
been surveyed twice in February of 2003 and 2004 (antibody
positive in both occasions and RNA positive only in 2004)
(unpublished data). Wat Pho had been visited once in January
2003. Nipah virus antibodies and RNA had been detected
(Wacharapluesadee et al. 2005).

Three other sites (Table 5) had been visited: once in 2002
(site A, Singburi, in April and site B, Ayutthaya, in October)
and once in 2003 (site E, Prachinburi in April). Nipah virus
antibodies by enzyme immunoassay were demonstrated in
sites B and E (Wacharapluesadee et al. 2005). Nipah virus
RNA was not detected in urine from sites A, B, and E. These
sites were surveyed to confirm whether excretion patterns
would be similar to those of Wat Luang and Wat Pho.

Low-level viral RNA shedding was detected, suggesting
that herd immunity may play a role. This is less plausible, but
cannot be totally excluded. Low levels of seroprevalence (9.3%
[76/813]) were found in the P. lylei population in Thailand
(Wacharapluesadee et al. 2005). An increase of seroprevalence
from 7.8% in February 2003 to 18% in February 2004 and viral
RNA prevalence (as detected in urine) from 0% to only 2.7%,
respectively, at Wat Luang (unpublished data) may favor the
role of herd immunity. In this study, RNA was taken from
pooled samples, and serum antibody was not determined.

The amount of virus and/or number of shedding bats
fluctuate with the season. Virus was found more frequently

7

during the first 5 months, which nearly coincided with the
reproductive cycle. Both direct and vertical transmission may
play a role. Vertical transmission has been demonstrated by
the findings of Hendra virus in placental and fetal tissues
(Williamson et al. 2000) and demonstration of Nipah virus in
the uterus (Middleton et al. 2007). Direct contact during the
reproductive cycle is facilitated by mutual grooming, copu-
lation, and parturition. Pregnant and lactating females of
Pteropus scapulatus had a significant risk of Hendra virus in-
fection, which may be transmitted via faeces, urine, and saliva
(Plowright et al. 2008). Finding of age-specific seroprevalence
in Hendra virus—infected bats also suggests horizontal trans-
mission (Plowright et al. 2008). In our study, we found no
correlation between viral shedding and the amount of rainfall,
temperature, roost sites, parturition period, and amount of
food (Fig. 2a, b, and observational data since 2001 of the
Department of National Park, Wildlife and Plant Conserva-
tion, Ministry of Natural Resources).

Although it was noted that viral shedding was mainly
observed during the first 5 months, the peak of viral shedding
(particularly of the Bangladesh strain) was detected in May at
all sites (Tables 4 and 5). Physical separation from the mother
was at a peak in May. This was associated with a fluctuation
of population numbers that was observed only in May and
correlated with juveniles in practicing flight. It has been
observed that transient viral shedding in urine (1 of 6 bats)
developed shortly after infection in one experiment, and virus
could remain in the kidney and uterus in another experiment
(2 of 11 bats) (Middleton et al. 2007). Passive transfer of Nipah
virus antibody could be demonstrated from lactating females
to pups (Epstein et al. 2008). Whether or not passive mater-
nal immunity can delay viral shedding in the pup remains
unclear.

Similar fluctuation of viral shedding with the seasons may
be applicable to outbreaks that occurred in more northern
areas of the Nipah outbreak range like India and Bangladesh.
Most outbreaks were reported during the winter in Bangla-
desh and India, which covers the reproductive cycle of
b. giganteus (between November and April) (Dr. Gongal,
personal communication).

Viral shedding also appeared in two different patterns
depending on viral strains. Some bats escaped shedding
during the first 5 months of the reproduction cycle (Table 4).
The Bangladesh strain showed a trend of clustering pattern of
viral shedding (April, May, and June at Wat Luang; May,
June, and October at Wat Pho; and only in May at the
remaining five sites). Whereas with the Malaysian strain,
shedding was in a dispersed pattern (January, February, May,
June, and December at Wat Luang, and December and March
at Wat Pho). Why there was this difference as well as why
more of the RNA-positive urine samples were found in
Wat Luang than in Wat Pho, though they have comparable
numbers of P. lylei (approximately 10,000) and are only 24 km
apart, cannot be answered by presently available data. It has
not been known whether bats with preexisting immunity can
be repeatedly infected.

Thailand as well as other countries in this region remain
free of human outbreaks. This may be explained by the rela-
tively low level of Nipah virus RNA excretion in urine (this
study, Chua et al. 2002, Reynes et al. 2005, Middleton et al.
2007). However, understanding the dynamics of pteropid bat
populations and of Nipah virus infection is important for risk
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management strategies in the countries where a natural bat
habitat is found.
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PCR detection of Mycobacterium tuberculosis in
necrotising non-granulomatous lymphadenitis using
formalin-fixed paraffin-embedded tissue: a study in

Thai patients

C Nopvichai," A Sanpavat,' R Sawatdee,” T Assanasen,’ S Wacharapluesadee,’

P S Thorner,'* S Shuangshoti'

ABSTRACT

Background: Necrotising non-granulomatous lymphade-
nitis can be observed in several conditions, most notably
infection (including tuberculosis, yersiniosis and nocar-
diasis), Kikuchi—Fujimoto disease and systemic lupus
erythematosus.

Aims: To evaluate the role of PCR in the detection of
Mycobacterium tuberculosis in necrotising non-granulo-
matous lymphadenitis in Thai patients using formalin-fixed
paraffin-embedded tissue.

Methods: 35 patient samples showing necratising non-
granulomatous lymphadenitis were subjected to PCR for
detection of the IS6770 sequence of M tuberculosis. For
comparison, sections were visually assessed for acid-fast
bacilli using the Ziehl-Neelsen stain.

Results: Among 35 cases of necrotising non-granulo-
matous lymphadenitis, a conclusive diagnosis could be
reached in 23 cases: 15 cases of Kikuchi—Fujimoto
disease, 6 of tuberculosis and 2 of systemic lupus
erythematosus. Of the 6 cases of tuberculous lympha-
denitis, 4 (66.6%) were detected by PCR in formalin-fixed
paraffin-embedded tissue samples. PCR was positive in 6/
12 of the remaining cases (50%) in which a definitive
diagnosis could not be reached by other methods.
Conclusion: Using PCR, a significant percentage (28%)
of cases of necrotising non-granulomatous lymphadenitis
in this study could be attributed to M tuberculosis. PCR for
identification of the organism can be extremely helpful in
confirming a diagnosis of tuberculosis when Ziehl—
Neelsen staining is negative.

Tuberculosis (TB) is a worldwide infectious disease
with considerable morbidity and mortality, particu-
larly in developing countries.! Involved lymph nodes
typically show caseating granulomatous inflamma-
tion, but granulomata can be found in other
conditions such as foreign body reaction, fungal
infection or cat scratch disease.”® A histological
diagnosis of TB generally relies on identification of
acid-fast bacilli by Ziehl-Neelsen stain, but these can
be few in number and easily missed. Otherwise, a
diagnosis of TB by conventional morphology alone
suffers from low sensitivity and specificity.
Moreover, granulomata in TB may be poorly-formed
or even absent, not only in immunocompromised
but also in immunocompetent hosts.*” In TB with
poorly formed or absent granuloma, lymph nodes
can show necrosis with a neutrophilic infiltrate. But
necrotising non-granulomatous lymphadenitis can
be observed in other conditions, such as lymphoma*

and metastatic carcinoma,'’ and benign conditions

such as Kikuchi-Fujimoto disease (KFD) and sys-
temic lupus erythematosus (SLE).” Arriving at an
accurate diagnosis is crucial for appropriate treat-
ment.

Several studies have used PCR to identify
Mycobacterium tuberculosis in specimens with gran-
ulomatous inflammation.® ™™ In our previous
study of necrotising non-granulomatous lympha-
denitis,” PCR on fresh biopsy material identified /]
tuberculosis in 8/22 (36.7%) cases but fresh tissue
was unavailable in the remaining 18 cases. To the
best of our knowledge, this study was the first to
apply PCR for detection of M tuberculosis in
necrotising non-granulomatous lymphadenitis.
However, fresh tissue is usually more often
available for cases that are clinically suspicious of
TB. In order to survey a larger number of cases of
necrotising non-granulomatous lymphadenitis,
including those not suspected to be TB, we decided
to adapt our PCR detection system for use on
archival paraffin-embedded tissue samples. Thirty-
five cases occurring in Thai patients were then
studied in order to determine how many were
positive for M tuberculosis.

MATERIALS AND METHODS

Case selection

Thirty-five cases of necrotising non-granulomatous
lymphadenitis were retrieved from the Department
of Pathology, King Chulalongkorn Memorial
Hospital, between January 2000 and December
2002. H&E-stained sections were reviewed and
Ziehl-Neelsen staining for acid-fast bacilli was
carried out. The medical records were reviewed
with respect to the aetiology of the lymphadenitis.
Cases were then designated as “known” or
“unknown’ aetiology. In the “known’ group, TB
was diagnosed with positive culture or positive PCR
for M tuberculosis on fresh tissue. The nested PCR for
1S6110 sequence of M tuberculosis was performed on
fresh tissue using a published protocol.” Cases of
SLE  were diagnosed using the American
Rheumatology Association criteria,” and KFD by a
guideline provided by Bosch et a/.*> Cases that did not
meet the above criteria and in which there was a lack
of follow-up were placed in the “unknown” group
(recognising that some of these cases might still be
TB). This study was approved by the Institutional
Review Board of the Faculty of Medicine,
Chulalongkorn University, Bangkok, Thailand.

J Clin Pathol 2009;62:812-815. doi:10.1136/jcp.2008.062828
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DNA extraction and PCR procedures

Genomic DNA was isolated from archival paraffin-embedded
tissue, using magneSil genomic, fixed tissue system kits
(Promega Corporation, Madison, Wisconsin, USA). To test
DNA quality, the extract was subjected to PCR amplification of
the human B-globin gene (product size =110 bp). Cases
underwent PCR for the IS6710 sequence of M tuberculosis.* **
This DNA sequence is present in multiple locations in the M
tuberculosis genome,” and has been shown to have the highest
sensitivity and specificity for the organism, and does not
amplify atypical mycobacteria.” ** ** The original nested proto-
col® for IS6110 was modified into a simple PCR using only the
inner primer sequences as follows: 5'-CCT GCG AGC GTA
GGC GTC GG-3' (sense) and 5'-CTC GTC CAG CGC CGC
TTC GG-3’ (anti-sense).

The PCR mixture consisted of a total volume of 25 pl,
containing 0.2 mM dNTP each, 2.0 mM MgCl,, 0.625 units of
Taq DNA polymerase (Qiagen), 2.5 pl of 10x Taq polymerase
buffer (supplied with enzyme), primers (0.1 pM), and 2 ul of
DNA sample (0.25 pg). Each PCR cycle included an initial
denaturation at 94°C for 5 minutes, followed by 40 cycles of the
following three steps: (1) 94°C for 45 seconds; (2) 63°C for
30 seconds; and (3) 72°C for 1 minute, with a final extension at
72°C for 10 minutes. PCR products were electrophoresed in a
2% agarose gel and stained with ethidium bromide. A positive
PCR reaction resulted in a 123 bp product. Control samples
included known positive and known negative formalin-fixed,
paraffin-embedded tissues, as well as a “no DNA” control.

Specificity and sensitivity of IS6770 gene detection

To evaluate the specificity of 1S6710 gene PCR detection, the
PCR products of three different samples were purified using the
QIAquick PCR Purification Kit (Qiagen). Direct sequencing was
performed by an ABI PRISM Big Dye Terminator Cycle
Sequencing Kit (Applied Biosystems) and an ABI PRISM 310
DNA sequencer. The DNA sequence was identical for all
samples, and showed 100% identity to the IS6710 sequence of
M tuberculosis when analysed for homology with the NCBI
databases by Blast analysis. GenBank accession numbers
obtained in this study are FJ653661-F]653663. To determine
the sensitivity of the PCR assay, serial 10-fold dilutions of M
tuberculosis DNA of known concentration were amplified. The
limit of detection was determined to be 4x107° ng DNA per
PCR reaction.

Samples with negative PCR results could be the result of
some inhibitor affecting the PCR reaction. In order to rule this
possibility out, two DNA specimens that tested negative by
PCR were selected from each of the sample groups (TB,
including the one sample positive for TB by culture alone;
SLE; KFD; and unknown). Samples were spiked with A1
tuberculosis DNA (at a concentration of 4x107% ng DNA) and
subjected to PCR. All samples showed an amplifiable product.

Sensitivity and specificity of the PCR reaction for M
tuberculosis were calculated in cases with known aetiology as
defined by the above criteria.

RESULTS

Clinical features and diagnostic categories of patients

Of the 35 patients, 6 were men and 29 were women with a
mean age of 28.9 years (range 16-57 years). Six patients were
diagnosed as having tuberculous lymphadenitis, including two
patients with HIV infection. Ziehl-Neelsen stain was positive in
3/6 cases, including the two HIV-infected patients. PCR for /]

J Clin Pathol 2009;62:812-815. doi:10.1136/jcp.2008.062828

tuberculosis performed on fresh tissue gave positive result in five
cases. Only one of these cases was sent for culture, which was
negative. The sixth case was positive by culture but negative by
Ziehl-Neelsen stain and negative by PCR for M tuberculosis
using fresh tissue. Two patients were diagnosed as having SLE
by the American Rheumatology Association criteria, based on
clinical findings and supportive laboratory testing. Fifteen cases
in our series were considered to have Kikuchi-Fujimoto disease
(KFD) based on a compatible clinical course, biopsy features (eg,
absence of neutrophils), and negative stains for organisms.”
Follow-up data were available in 23 patients; none developed
recurrent lymphadenopathy. All patients with tuberculous
lymphadenitis showed clinical improvement after anti-TB drug
administration, as did the SLE patients after steroid treatment.
Patients with KED were cured by lymph node excision.

The remaining 12 cases had incomplete investigations and
lacked follow-up information; they were therefore placed in the
“unknown’” aetiology group. PCR for M tuberculosis on fresh
tissue had not been performed in any of these 12 cases.

Results of PCR for M tuberculosis on archival tissue

Figure 1 presents the results of PCR for M tuberculosis using
archival tissue. Table 1 lists the results of PCR for A tuberculosis
according to diagnosis, and table 2 lists the results of the Ziehl-
Neelsen stain. Based on the 23 cases with known aetiology of
lymphadenitis, the sensitivity of PCR on formalin-fixed
paraffin-embedded specimens for diagnosis of tuberculous
lymphadenitis was 66% (4/6 cases), and the specificity was
100%. All cases with negative PCR on fresh tissue were also
negative with archival tissue. One of five cases with positive
PCR from fresh tissue showed a negative PCR result from
archival material. None of the cases with positive PCR from
fixed tissue were negative from fresh material. Ziehl-Neelsen
stain had 50% sensitivity (3/6 cases) and 100% specificity. In the
“unknown’” group (12 cases), 6 were positive for M tuberculosis
by PCR whereas none showed a positive Ziehl-Neelsen stain.

Lymph node biopsies and presence of neutrophils

All biopsies showed a necrotising process with no granuloma
formation. The presence of neutrophils in lymph nodes
according to diagnosis is presented in table 3. Neutrophils were
present in all six known cases of TB, 1/2 SLE cases and none of
the 15 cases of KFD. Neutrophils were also noted in 11/12 cases
in the “unknown’ aetiology category.

DISCUSSION
The goal of our study was to evaluate the value of PCR for
diagnosis of TB in necrotising non-granulomatous lymphadeni-
tis using archival paraffin-embedded tissue in a Thai patient
population. While Ziehl-Neelsen staining is rapid and low cost,
sensitivity is low unless organisms are sufficiently numerous;
slide examination can be time consuming and a positive result
does not distinguish M tuberculosis from other mycobacteria.
Culture is specific but usually takes several weeks for a positive
identification of M tuberculosis and sensitivity also depends on
the number of organisms present. However, many specimens
are not submitted for culture and arrive in the laboratory in
formalin. Hence, we elected to develop a method to identify TB
in formalin-fixed material that would enable us to study any
specimen of interest.

At present, the most sensitive test for M tuberculosis detection
is PCR.6 %2 Not all studies have used the same conditions,
leading to discrepancies in sensitivity and specificity.
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Figure 1 Results of PCR for -
tuberculosis. PCR products were 200 M . +
electrophoresed on 2% agarose gel 180

containing ethidium bromide. M, standard 180
size marker; +, positive control; —,

negative control; dH,0, distilled water; 140
lanes 1-4, samples. Note positive PCR

result in lanes 1-3. Direct sequencing of 120
these positive PCR products yielded

IS6110 sequence of Mycobacterium 100
tuberculosis (see Materials and methods).

Amplification of sequences from the mtp40 gene has a high false
negative rate,” whereas sequences from the 65 kDa pro-
tein® ** ' generate a positive result in any mycobacterial
infection since these genes are shared by all species. We elected
to amplify the 156710 sequence since this sequence is specific for
M tuberculosis,”® * *° thereby increasing the specificity of the PCR
reaction in the diagnosis of TB. Several studies have evaluated
the use of PCR for the [S6110 sequence to diagnose TB using
either fresh' * or paraffin-embedded tissue samples.'** > ** All
of these have studied granulomatous inflammation, comparing
PCR results to culture and Ziehl-Neelsen staining when
available. Sensitivity for confirming TB by PCR was 78-100%
and specificity was 88-100%.° '**° ** ** Granulomatous disease
from other causes, including other mycobacteria, was consis-
tently negative.'® >

Our study provides a preliminary evaluation of TB as a cause
of necrotising non-granulomatous lymphadenitis in Thai
patients. The numbers are small and a significant proportion
of specimens lacked sufficient clinical information to allow a
more definitive diagnosis of TB in this type of specimen.
Nonetheless, to the best of our knowledge, PCR detection of A1
tuberculosis with this type of biopsy appearance has not been
specifically studied except in our previous study.” The next most
comparable study involved fine needle aspiration specimens.”
Compared to culture, PCR for M tuberculosis in that study
showed 100% sensitivity and 94% specificity in acute suppura-
tive lesions, and 50% sensitivity and 100% specificity in
specimens showing necrosis only. Another study looking at
PCR in granulomatous disease noted that 36% of biopsies
without granulomata were also positive for M tuberculosis by
PCR." In our series, the overall positive rate of PCR for M
tuberculosis was 28.6% (10/35 cases). This included 4/6 known
cases of tuberculous lymphadenitis and 6/12 cases of lympha-
denitis of unknown aetiology (table 1). Considering cases with
proven aetiology, PCR for M ruberculosis resulted in 66%
sensitivity for detection of TB. PCR on paraffin-embedded
tissue was able to determine 4/5 cases to be positive using fresh

- dH0 1 2 3 4

tissue. In comparison, Ziehl-Neelsen stain provided a sensitivity
of 50% (3/6 cases) (table 2). However, it should be noted that 2/
3 patients with a positive Ziehl-Neelsen stain had HIV
infection, and acid-fast bacilli are typically easy to identify in
immunocompromised hosts.

The level of sensitivity in our study is lower than that
published in previous studies in granulomatous lymphadeni-
tis. #2020 %% False negatives can arise from tissue inhibitors of
PCR, non-uniform distribution of microorganisms and degraded
DNA.* 17205031 The latter is particularly relevant to tropical
areas such as Thailand where storage temperatures are
comparatively high.”® The specimens in our study had been
stored in paraffin for 4-6 years prior to PCR testing. This would
not, however, account for the one case positive for culture but
negative for PCR on both fresh and fixed tissue. This is not
related to inhibitors of PCR since we tested for that and found
no evidence. Another possibility would be that some strains of
M tuberculosis do not contain the IS6110 sequence,” which
would result in a negative PCR reaction in our assay.
Unfortunately, the culture of this one sample is no longer
available for testing by PCR to examine this hypothesis.

No false positives were detected in the other known
aetiologies of lymph node necrosis (table 1), giving a specificity
of 100%. However, for the 12 patients in the unknown
aetiology group, 50% of these were positive for M tuberculosis
by PCR. Similar findings have been noted by others studying
granulomatous inflammation,” '® " * > with positive rates
ranging from 9% to 67%. One interpretation could be that
these positive cases represent undiagnosed TB.*” * We cannot
test this hypothesis since the hospital records contained limited
clinical data on these patients, which is why they were placed in
the “unknown’ category for this study. Most authors take that
view that a diagnosis of TB cannot be made on PCR alone and
requires additional supportive clinical or laboratory data'®?* ** or
response to anti-1B therapy."

The presence of neutrophils in necrotising non-granuloma-
tous lymphadenitis is associated with infectious conditions,

Table 1 Results of PCR for Mycobacterium tuberculosis by diagnosis Table 2 Results of Ziehl-Neelsen staining by diagnosis
Diagnosis Diagnosis
Systemic Kikuchi— Ziehl- Systemic Kikuchi-
lupus Fujimoto Neelsen lupus Fujimoto
PCR Tuberculosis  erythematosus disease Unknown stain Tuberculosis  erythematosus disease Unknown
Positive 4* 0 0 6 Positive 3* 0 0 0
Negative 2 2 15 Negative 3 2 15 12
Total 6 2 15 12 Total 6 2 15 12

*Two of these cases had HIV infection.
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*Two of these cases had HIV infection.
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Table 3 The presence of neutrophils in different diseases

Diagnosis
Systemic Kikuchi-
lupus Fujimoto
Neutrophils  Tuberculosis  erythematosus disease Unknown
Present 6 1 0 "
Absent 0 1 15 1
Total 6 2 15 12

whereas neutrophils are typically absent in Kikuchi-Fujimoto
disease.” ” # In the present study, neutrophils were seen in all
known cases of tuberculous lymphadenitis, one of two cases of
SLE lymphadenitis, but none of Kikuchi-Fujimoto disease.
Moreover, the presence of the neutrophils was commonly
associated with a positive PCR for A tuberculosis. This was also
true in the cases of unknown aetiology, providing supportive
evidence that at least some of these cases might be TB. Thus,
when neutrophils are found in necrotising non-granulomatous
lymphadenitis, it should raise a concern for TB, prompting
further investigation including PCR for M tuberculosis.

In summary, PCR identified M ruberculosis DNA sequences in
28% of necrotising non-granulomatous lymphadenitis in the
present study. As TB is increasing worldwide, this finding may
also hold true for other regions of the world and deserves further
attention. Moreover, since our PCR protocol works on formalin-
fixed tissue, archival material can be studied. Surprisingly, we
found that 50% of specimens without any known clinical
diagnosis, also showed a positive PCR result for TB, suggesting
this disease is underdiagnosed in our patient population. Our
numbers are small, however, and continued study with
additional samples is warranted to examine this hypothesis.

Take-home messages

» Necrotising non-granulomatous lymphadenitis can be
attributed to Mycobacterium tuberculosis.

» PCR for identification of the organism can be extremely helpful
when Ziehl-Neelsen staining is negative.
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We report an atypical case of paralytic rabies presenting with
trismus followed by limb weakness, areflexia, ophthalmopa-
resis, and bilateral ptosis. Atypical presentations and his-
tory of rabies postexposure prophylaxis led to delayed diag-
nosis. Nucleocapsid and glycoprotein genes of rabies viruses
from the patient’s and biting dog’s brains were of identical
sequences.

Almost all rabies-related deaths, despite administration of post-
exposure prophylaxis (PEP), are related to deviations from
World Health Organization (WHO) guidelines [1]. Neverthe-
less, true failures without recognized defects in management
have been reported [2, 3]. We recently encountered another
treatment failure case with atypical tetanus-like presentation.
Case report. A 33-year-old Thai man presented with a 2-
day history of high-grade fever, sore throat, headache, and wa-
tery diarrhea. At the first hospital encounter, he had rigidity
of the masseter muscles (lockjaw) and slurred speech. He had
difficulty eating and drinking and was noted to have excessive
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salivation. Several diagnoses, including tetanus, were consid-
ered. He was subsequently transferred to a tertiary care hospital.

He experienced dog bites on his hands and right knee on 8
January 2009, 25 days earlier. Wounds included a 1-cm lac-
eration on his right thumb that penetrated deep into the nail
bed. He also had 2 puncture wounds (width, 0.2 cm) on his
left hand and bleeding scratch wounds on his right knee. The
dog was owned but never vaccinated. It was seen biting other
dogs. The patient was attacked while catching the dog for vet-
erinary observation. The dog died 3 days later and was proven
to be rabid by fluorescent antibody test of brain specimens at
the Queen Saovabha Memorial Institute (Bangkok, Thailand).

He underwent prompt local wound care at a nearby public
health center. Rabies PEP was rendered within 6 h using the
WHO-approved Thai Red Cross intradermal (ID) rabies vac-
cination schedule (modified TRC-ID regimen; 2-site ID injec-
tions on days 0, 3, 7, and 28). The vaccine used was purified
chick embryo cell vaccine (Chiron Behring; batch 1630; po-
tency, 8.94 IU/dose; expiration date, June 2012). The entire
calculated dose of human rabies immunoglobulin (HRIG; 1300
IU per 8.7 mL; Berirab P; CSL; potency, 150-300 IU/mL; ex-
piration date, September 2010) was infiltrated into and around
all wounds at the same time as the first vaccination. In spite
of much pain, this was also done to the wound at the nail bed
by an experienced staff. Tetanus immunization was completed
1 year previously, so booster injection was not indicated. Pu-
rified chick embryo cell vaccination was continued on days 3
and 7 as scheduled. The patient also received another dose of
HRIG (1300 IU) injected into the wounds on 12 January after
positive results of the fluorescent antibody test of dog brain
specimens became known. He became symptomatic 24 days
after being bitten.

At admission, on 3 February, the patient was fully conscious
and had a temperature of 39.6°C. He did not report any pro-
dromal symptoms as often seen in rabies [4]. He refused to
drink water and avoided exposure to light and draft. No phobic
spasms were observed. Brief episodes of agitation alternating
with lucid calm were noted. Trismus and hypersalivation were
evident. Laboratory studies were unremarkable except for leu-
kocytosis (white blood cell count, 12,200 cells/uL, with 85%
neutrophils).

Lumbar puncture revealed a pleocytosis level of 1120 cells/
mm’ (82% monocytes, 18% neutrophils), a protein level of 95
mg/dL, and a sugar level of 70 mg/dL. Examination of cere-
brospinal fluid (CSF), saliva, and urine specimens and hair
follicles using a previously described method [5] for the de-
tection of rabies viral RNA yielded negative results.
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The patient remained febrile and was restless, with profuse
sweating during the second day. Trismus became more severe,
and he was unable to open his mouth and speak. Intermittent
spasms of the neck and back muscles were noted, but without
rigidity of the axial musculature. He remained fully alert and
oriented. Left facial weakness of the upper motor neuron type
with bilateral incomplete ptosis was detected. Pupils were 5
mm, equally reactive to light. External squint of the right eye
was shown on primary gaze. Limited adduction of the left eye
was noted but without accompanying abducting nystagmus of
the right eye on performing right lateral gaze. Convergence was
impaired. Corneal reflexes and other cranial nerve functions
were normal. There was no demonstrable weakness. Sensation
was normal in all modalities. Deep tendon reflexes were 4+.
Plantar responses were flexor, and clonus was absent.

Conditions deteriorated rapidly 3 h later. Proximal muscle
weakness of both arms, of Medical Research Council muscle
strength grading system grade 3/5, was demonstrated while it
was preserved in the lower limbs. Deep tendon reflexes became
all absent. He remained rational and arousable until developing
sudden cardiac arrest (4 February). Brain tissue necropsy via
a transorbital needle biopsy approach confirmed rabies by flu-
orescent antibody test and detected rabies viral RNA. The in-
cubation period was 24 days, and survival time after onset was
4 days.

Discussion. The patient had rabies despite receiving ap-
propriate treatment. PEP failure cases due to omissions and
flaws in PEP have not been rare [6—10]. Nevertheless, there are
reports of human rabies deaths that appeared to be due to true
treatment failures 2, 3].

Our patient received proper wound care, vaccination, and
HRIG within 6 h after being attacked. Although there were
difficulties in infiltrating the wound at the nail bed of the right
thumb, a great effort was made by experienced staff to infiltrate
this wound with HRIG as recommended [11]. The only de-
viation from current WHO guidelines was the additional HRIG
infiltration of the wounds 4 days after the first treatment. Nev-
ertheless, he was able to mount a good antibody response above
the level of 0.5 IU/mL [1], which is considered adequate for
protection from rabies, because his neutralizing antibody level
on day 27 was 1.39 IU/mL, as determined using the rapid
fluorescent focus inhibition test. The HRIG potency was reas-
sessed and found to be comparable with that of the manufac-
ture’s export certificate (280 vs 150-300 IU/mL, respectively).
Although some studies suggested that RIG may suppress the
antibody production when using the Zagreb (2-1-1 IM) regi-
men (2 injections on day 0 and 1 each on days 7 and 21) [12,
13], the TRC-ID regimen has been shown not to have any
significant suppression of antibody when RIG is administered
[14, 15]. The only potential hazard of repeating HRIG infil-
tration, especially to the wound at the nail bed, may have been
trauma to the nerves at the bite site [2]. Although it was possible
that the patient might have had exposures other than the one

we encountered, our repeated careful detailed history and phys-
ical examination did not confirm such a possibility.

There have been reports of patients with rabies associated
with dog bites who had unusual presentations in Thailand [16,
17]. Some resembled what has been reported in bat-associated
cases [18, 19]. The patient described herein presented as par-
alytic rabies, because classic signs of rabies, such as autonomic
dysfunction and phobic spasm, were not obvious [20]; he also
had relatively spare consciousness (ie, lesser degree of aggres-
sion and agitation). However, initial manifestations were un-
usual consisting of lockjaw and abnormal eye movements.
Lockjaw or trismus is a hallmark of tetanus [21]. Intermittent
spasms of the back and neck muscles in this case might be
misinterpreted as reflex spasms in tetanus. However, the most
important sign of tetanus—sustained muscular rigidity, espe-
cially of the axial musculatures—was missing. Presence of tris-
mus and paralysis of =1 cranial nerve can be a presentation
of cephalic tetanus. Abnormal ocular movements, including
bilateral trochlear nerve palsy (ophthalmoplegic tetanus) and
downbeat nystagmus, have been reported [22]. Nonetheless,
oculomotor abnormalities and facial paresis in this case appear
to be manifestations of brainstem dysfunction and were un-
likely due to tetanus. Our previous neuroimaging studies in-
volving patients with rabies and rabid dogs showed the brain-
stem as a predilectively involved site [23, 24]. Subsequent
development of weakness of limb muscles, starting at both arms
where bites were incurred, followed by leg weakness accom-
panied by loss of deep tendon reflexes excluded tetanus and
was the pattern of progression in paralytic rabies. Ascending
or descending weakness can be found in paralytic rabies [25].

Miller Fisher syndrome (MFS) and Bickerstaff brainstem en-
cephalitis (BBE), both of which are considered variants of Guil-
lain-Barré syndrome, might complicate the diagnosis in this
case [26, 27]. Ophthalmoparesis, as described in MFS and BBE,
was also found in our case. Weakness of the extremities and
areflexia can be found in MFS and BBE [28]. Although pro-
found worsening of consciousness can differentiate rabies from
MES and BBE, this patient died suddenly before any clouding
of sensorium developed. This might have been due to autonomic
dysfunction (cardiac arrhythmia) [16]. Fever after clinical onset
plus excessive salivation favored the diagnosis of paralytic rabies
[20]. The myoedema sign, previously reported in paralytic rabies
[29], was not present, but this was examined before weakness
developed. Anti-ganglioside antibodies, as found in Guillain-
Barré syndrome, MFS, and BBE, are not present in patients with
paralytic rabies [25].

Marked CSF pleocytosis was also unusual [16]. It was not
known whether the repeated dose of HRIG might elicit this
exaggerated response. Antemortem diagnosis using molecular
methods, although sensitive, is not conclusive if the results are
negative [5, 30]. Viral shedding is intermittent, and it is essential
to repeat the test on as many samples of CSE, saliva, urine, and
hair follicles as possible. To date, a total of 50 patients with
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rabies were tested at our institutions for rabies viral RNA in
CSE, saliva, urine, and hair follicles; 3 had tested negative. All
3, including this patient, were cases of paralytic rabies.

This case raised the possibility of an unusual strain of rabies
or other lyssavirus as cause of the disease. It has been shown
that Thai bats also harbored unidentified lyssavirus(es) on the
basis of the presence of cross-neutralizing antibodies against
Arawan, Khujand, and Irkut [31]. Spillage of bat viruses might
occur to terrestrial animals. Molecular epidemiology surveys of
rabies virus from infected animals and humans in Bangkok and
from the whole country did not show evidence of other than
dog strains [32, 33].

Nucleocapsid (GenBank accession numbers GQ303555 and
GQ303556) and glycoprotein genes (GenBank accession num-
bers GQ303557 and GQ303558) of rabies viruses from the
patient’s and biting dog’s brains were of identical sequences.

Conclusions. In canine rabies—endemic countries, physi-

cians have to be aware of atypical presentations of human ra-
bies. Negative results of postmortem tests using molecular
method must be interpreted with caution due to the inter-
mittency of viral shedding. Although rabies PEP is virtually
always effective if properly administered, it is not a complete
guarantee of survival [2, 3].

Acknowledgments

We thank Dr Veera Tepsumethanon for fluorescent antibody testing and
Thanphet Tantawichien and the nursing staff at Queen Saovabha Memorial
Institute for their generous support.

Financial support. The Thai Red Cross Society and the Thailand Re-
search Fund (DBG5180026).

Potential conflicts of interest. H.W. had accepted funding for travel
as speaker to scientific conferences from Sanofi Pasteur and the Swiss Serum
and Vaccine Institute. All other authors: no conflicts.

References

1. WHO Expert Consultation on rabies. World Health Organ Tech Rep
Ser 2005;931:1-88, back cover.

2. Hemachudha T, Mitrabhakdi E, Wilde H, Vejabhuti A, Siripataravanit
S, Kingnate D. Additional reports of failure to respond to treatment
after rabies exposure in Thailand. Clin Infect Dis 1999;28:143—4.

3. Wilde H. Failures of post-exposure rabies prophylaxis. Vaccine 2007;
25:7605-9.

4. Hemachudha T, Wacharapluesadee S, Laothamatas J, Wilde H. Rabies.
Curr Neurol Neurosci Rep 2006; 6:460-8.

5. Hemachudha T, Wacharapluesadee S. Antemortem diagnosis of human
rabies. Clin Infect Dis 2004;39:1085-6.

6. Centers for Disease Control and Prevention. Human rabies despite
treatment with rabies immune globulin and human diploid cell ra-
bies vaccine—Thailand. MMWR Morb Mortal Wkly Rep 1987;36:
759-60, 65.

7. Gacouin A, Bourhy H, Renaud JC, Camus C, Suprin E, Thomas R.
Human rabies despite postexposure vaccination. Eur J Clin Microbi-
ol Infect Dis 1999; 18:233-5.

8. Shill M, Baynes RD, Miller SD. Fatal rabies encephalitis despite ap-
propriate post-exposure prophylaxis: a case report. N Engl ] Med 1987;
316:1257-8.

9. Wilde H, Choomkasien P, Hemachudha T, Supich C, Chutivongse S.
Failure of rabies postexposure treatment in Thailand. Vaccine 1989;7:
49-52.

10.

13.

16.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wilde H, Sirikawin S, Sabcharoen A, et al. Failure of postexposure
treatment of rabies in children. Clin Infect Dis 1996;22:228-32.

. Suwansrinon K, Jaijaroensup W, Wilde H, Sitprija V. Is injecting a

finger with rabies immunoglobulin dangerous? Am J Trop Med Hyg
20065 75:363—4.

. Chutivongse S, Wilde H, Fishbein DB, Baer GM, Hemachudha T. One-

year study of the 2-1-1 intramuscular postexposure rabies vaccine reg-
imen in 100 severely exposed Thai patients using rabies immune glob-
ulin and Vero cell rabies vaccine. Vaccine 1991;9:573-6.

Vodopija I, Sureau P, Smerdel S, et al. Interaction of rabies vaccine
with human rabies immunoglobulin and reliability of a 2-1-1 schedule
application for postexposure treatment. Vaccine 1988;6:283—6.

. Chutivongse S, Wilde H, Supich C, Baer GM, Fishbein DB. Postex-

posure prophylaxis for rabies with antiserum and intradermal vacci-
nation. Lancet 1990; 335:896-8.

. Khawplod P, Wilde H, Chomchey P, et al. What is an acceptable delay

in rabies immune globulin administration when vaccine alone had been
given previously? Vaccine 1996; 14:389-91.

Hemachudha T, Laothamatas J, Rupprecht CE. Human rabies: a disease
of complex neuropathogenetic mechanisms and diagnostic challenges.
Lancet Neurol 2002; 1:101-9.

. Kietdumrongwong P, Hemachudha T. Pneumomediastinum as initial

presentation of paralytic rabies: a case report. BMC Infect Dis 2005;
5:92.

. Hemachudha T, Phuapradit P. Rabies. Curr Opin Neurol 1997; 10:260-7.
. Noah DL, Drenzek CL, Smith JS, et al. Epidemiology of human rabies

in the United States, 1980 to 1996. Ann Intern Med 1998;128:922-30.
Hemachudha T, Wacharapluesadee S, Mitrabhakdi E, Wilde H, Mor-
imoto K, Lewis RA. Pathophysiology of human paralytic rabies. ] Neu-
rovirol 2005; 11:93-100.

Srikiatkhachorn A, Hemachudha T. Tetanus. MedLink Neurology. 7
April 2009. Available at http://www.medlink.com/medlinkcontent.asp.
Accessed 7 April 2009.

Orwitz JI, Galetta SL, Teener JW. Bilateral trochlear nerve palsy and
downbeat nystagmus in a patient with cephalic tetanus. Neurology
1997; 49:894-5.

Laothamatas J, Hemachudha T, Mitrabhakdi E, Wannakrairot P, Tu-
layadaechanont S. MR imaging in human rabies. AJNR Am ] Neu-
roradiol 2003;24:1102-9.

Laothamatas J, Wacharapluesadee S, Lumlertdacha B, et al. Furious
and paralytic rabies of canine origin: neuroimaging with virological
and cytokine studies. ] Neurovirol 2008; 14:119-29.

Mitrabhakdi E, Shuangshoti S, Wannakrairot P, et al. Difference in
neuropathogenetic mechanisms in human furious and paralytic ra-
bies. J Neurol Sci 2005;238:3—-10.

Mori M, Koga M, Yuki N, Hattori T, Kuwabara S. Bickerstaff’s brain-
stem encephalitis after an outbreak of Campylobacter jejuni enteritis.
] Neuroimmunol 2008; 196:143-6.

Tatsumoto M, Koga M, Gilbert M, et al. Spectrum of neurological
diseases associated with antibodies to minor gangliosides GM1b and
GalNAc-GD1a. ] Neuroimmunol 2006; 177:201-8.

Yuki N, Wakabayashi K, Yamada M, Seki K. Overlap of Guillain-Barre
syndrome and Bickerstaff’s brainstem encephalitis. ] Neurol Sci 1997;
145:119-21.

Hemachudha T, Phanthumchinda K, Phanuphak P, Manutsathit S.
Myoedema as a clinical sign in paralytic rabies. Lancet 1987;1:1210.
Wacharapluesadee S, Hemachudha T. Nucleic-acid sequence based am-
plification in the rapid diagnosis of rabies. Lancet 2001;358:892-3.
Lumlertdacha B, Boongird K, Wanghongsa S, et al. Survey for bat lys-
saviruses, Thailand. Emerg Infect Dis 2005; 11:232—6.
Denduangboripant J, Wacharapluesadee S, Lumlertdacha B, et al. Trans-
mission dynamics of rabies virus in Thailand: Implications for disease
control. BMC Infect Dis 2005; 5:52.

Lumlertdacha B, Wacharapluesadee S, Denduangboripant J, et al. Com-
plex genetic structure of the rabies virus in Bangkok and its surround-
ing provinces, Thailand: implications for canine rabies control. Trans
R Soc Trop Med Hyg 2006; 100:276-81.

BRIEF REPORT « CID 2010:50 (1 January) * 79



G Model
JVAC-10503; No.of Pages5

Vaccine xxx (2010) XXX-XXX

Contents lists available at ScienceDirect

Vaccine

journal homepage: www.elsevier.com/locate/vaccine

Short communication

A preliminary study of chemo- and cytokine responses in rabies vaccine
recipients of intradermal and intramuscular regimens

Abhinbhen Saraya?, Supaporn Wacharapluesadee?, Pakamatz Khawplod®,
Saowaluck Tepsumethanon®, Deborah Briggs ¢, Thanin Asawavichienjinda?, Thiravat Hemachudha®*
2 Faculty of Medicine, Chulalongkorn University and WHO Collaborating Centre for Research and Training on Viral Zoonoses, Rama 4 Road, Bangkok 10330, Thailand

b Queen Saovabha Memorial Institute, Bangkok 10300, Thailand
¢ College of Veterinary Medicine, Kansas State University, KS, USA

ARTICLE INFO ABSTRACT

Article history:

Received 20 January 2010

Received in revised form 22 April 2010
Accepted 27 April 2010

Available online xxx

Plasma from 10 patients who had received rabies vaccine either intradermally (ID) or intramuscularly
(IM) was examined for 20 chemo- and cytokines. Plasma samples were withdrawn on days 0, 3 and 7
after vaccination. These chemo- and cytokines and sampling days were chosen based on data collected
from a protein array analysis of 122 cytokines conducted on one recipient of vaccine administered IM
and one recipient of vaccine administered ID. Although eotaxin, interleukin (IL)-5 in the ID and IL-1 beta
in the IM group were the only chemo- and cytokines that reached statistical significance (p <0.05), the

I]:}l;‘i’:;rg;dne overall trends may suggest bias on Th1 or Th2 according to vaccination routes. IL-1 alpha, -2, and -6,
Cytokines hemofiltrate cysteine-cysteine chemokine (HCC-4), glucocorticoid induced tumor necrosis factor recep-
Intradermal tor (GITR), tumor necrosis factor (TNF) related apoptosis inducing ligand-receptor (TRAIL-R3) had some

degree of elevation in the ID group. TNF-alpha, gamma-interferon, granulocytes/macrophages — colony
stimulating factor (GM-CSF), transforming growth factor (TGF)-beta, lymphotactin and pulmonary and
activation-regulated chemokine (PARC) were elevated, although not to a significant level, in the IM group.
IL-12, interferon-inducible T cell alpha chemoattractrant (I-TAC) and sertoli cell factor (SCF) were not sig-
nificantly elevated in both groups whereas IL-4 and -10 were unchanged. Further studies are required
to determine whether the presence of specific chemokines, such as eotaxin, is responsible for the pro-
duction of high levels of rabies virus neutralizing antibody after administration of the dose-sparing ID
regimen.

Intramuscular

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The intradermal (ID) route for rabies post-exposure prophy-
laxis (PEP) was introduced in 1985 in Thailand [1]. By 1988, ID
regimens for PEP completely replaced the use of 14-21 subcuta-
neous injections of the nervous tissue derived vaccine produced in
sheep (Semple) and suckling mouse brain (Fuenzalida) vaccines in
Thailand. These nervous tissue derived rabies vaccines induced an
unacceptable rate of neurological complications and were of unreli-
able immunogenicity [2-4]. The World Health Organization (WHO)
subsequently endorsed and approved the use of ID for PEP in 1992
[5]. Since the introduction of the economical ID PEP strategy, rabies
deaths in Thailand have declined from 185 (in 1990) to 68 (in 1999)
and 19 (in 2004) [6]. In 2009, 24 deaths were reported (data of
ministry of public health, Thailand, unpublished).
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The most widely used ID regimen for rabies PEP is the Thai Red
Cross (TRC) regimen. The TRC regimen consists of injecting 0.1 ml
of WHO approved tissue culture rabies vaccine intradermally at
two different lymphatic drainage sites on the left and right upper
arm on days 0, 3, 7 and 28 [7]. The amount of vaccine required
for PEP can be significantly reduced when the TRC ID regimen is
used. For example, the Essen IM PEP regimen requires 5 vials (one
vial is administered on each of days 0, 3, 7, 14, 28) whereas the
TRC ID regimen requires only 1 or 2 vials, depending upon the vol-
ume of the IM dose of rabies vaccine [0.5 and 1.0 ml preparation
of purified Vero cell and purified chick embryo vaccine (PCECV)
respectively]. The immunogenicity and efficacy of the TRC ID regi-
men have been provenin several clinical trials [8-10]. The long term
antibody persistence and confirmation of an anamnestic response
after vaccination with a tissue culture rabies vaccine have also been
confirmed for both IM and ID vaccination. In one study, conducted
in Vietnam, patients vaccinated 5 years previously responded with
an anamnestic response to one booster dose of vaccine [11]. Long
lasting immunity was also confirmed in a clinical trial conducted
in 118 Thai patients that received pre-exposure vaccination (PreP)
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or PEP with a tissue culture vaccine administered by either the ID
or IM route 5-21 years previously and subsequently were boosted
with 2 ID doses of vaccine [12].

ID vaccination is a method of delivering antigen into the der-
mis via syringe and needle [13]. ID administration of vaccine has
several advantages including the fact that less antigen is required,
thus sparing vaccine, and it also allows antigen to be delivered
directly to the skin where it can come into immediate contact with
resident hematopoietic-derived cells [including mast cells, antigen
presenting dermal dendritic cells (DC), macrophages], thus initi-
ating an excellent immune response. Epidermal Langerhans’ cells
are also present in the papillary dermis. Additionally, extravasa-
tion of leucocytes and DC precursors from the blood are produced
in the dermis. The humoral immune response to rabies vaccina-
tion administered either ID or IM, are comparable [13]. Published
data indicate that an anamnestic response occurs in patients previ-
ously vaccinated by either the IM or ID regimen and subsequently
boosted by either the ID or IM route [14].

Despite sizable reports on immunogenicity, efficacy and safety
of the ID route of rabies vaccination, many physicians in rabies
endemic countries remain doubtful and question how ID works
by using only a small proportion of the IM dose. This led to under-
utilization of ID rabies vaccination in many Asian countries where
WHO approved tissue culture rabies vaccines are not affordable
and there are still high rabies deaths. Earlier studies focused on
rabies antibody response but in this enclosed study, we examined
the effect that the route of administration of rabies vaccination (IM
or ID) had on the production of chemo- and cytokines in patients
that received PEP. The results of our study suggest that there may
be differences in Th responses between patients that are vaccinated
by the ID route vs. those vaccinated by the IM route and that certain
chemokine may play a role after vaccination using the ID regimen.

2. Materials and methods
2.1. Subjects and informed consent

The protocol of the study was reviewed and approved by the
Ethics committee, Queen Saovabha Memorial Institute, Thai Red
Cross Society. The design was cross-sectional. The subjects were
consecutively selected according to the inclusion/exclusion crite-
ria and were randomly allocated to the IM or ID group. The inclusion
criteria were healthy individuals whose ages were between 18 and
25 years. There was no past history of or feature suggesting diseases
which might affect the immunological systems. They had cate-
gory Il rabies exposure according to WHO criteria which required
vaccination without rabies immune globulin. All of them were thor-
oughly explained before they signed an informed consent. The
informed consent was collected from each subject enrolled in the
study. Any individual with age below 20 years old also had his/her
parent co-signed the informed consent. Exclusion criteria included
those who were not healthy or had underlying medical diseases
and who received rabies vaccination in the past.

2.2. Study design and setting

Initially, a screening group consisting of two subjects was immu-
nized with either an ID or IM regimen of rabies PEP using PCECV
(Chiron Behring; Lot no. L1032; potency, 10.23 IU/dose). Serum was
collected on days 0, 3, 4 and 7 after primary immunization was ini-
tiated. Following an analysis of the data collected from the 2 initial
subjects selected for the screening group, 20 subjects, 10 in each
group, were immunized with either ID or IM rabies PEP regimen
using PCECV. Blood samples were collected from all subjects on
days 0,3 and 7.

Table 1
List of cytokines and chemokines and their functions that were examined in this
study.

Functions

IL-1 alpha,beta Upregulated adhesion molecule expression,

neutrophil and macrophage emigration.

IL-2 T cell activation and proliferation, B cell
growth, NK cell proliferation and activation,
enhance monocyte/macrophage cytolytic
activity.

IL-4 Stimulates Ty2 helper T cell differentiation and
proliferation. Stimulates B cell Ig class switch
to IgG1 and IgE anti-inflammatory action on T
cells, monocytes.

IL-5 Regulates eosinophil migration and activation.

IL-6 Induction of T and B cell differentiation and
growth.

IL-10 Inhibits macrophage pro-inflammatory

cytokine production, down-regulates cytokine
class Il antigen and B7-1 and B7-2 expression,
inhibits differentiation of Ty1 helper T cells,
inhibits NK cell function, stimulates mast cell
proliferation and function, B cell activation and
differentiation.

IL-12 Induces Ty 1 T helper cell formation and

lymphokine-activated killer cell formation.

Increases CD8 + CTL cytolytic activity;

decreases IL-17, increases [FN-gamma.

Regulates macrophage and NK cell activations.

Stimulates immunoglobulin secretion by B

cells. Induction of class II histocompatibility

antigens. Ty1 T cell differentiation.

Down-regulates T cell, macrophage and

granulocyte responses. Stimulates synthesis of

matrix proteins. Stimulates angiogenesis.

Fever, enhanced leukocyte cytotoxicity and

enhanced NK cell function, pro-inflammatory

cytokine induction.

Chemoattractant for eosinophils and basophils.

Acts in concert with IL-5 to activate

eosinophils.

XCL1, member of the XC chemokine family

affecting T cell and natural killer cell.

PARC Belongs to CC-chemokine. PARC is chemotactic
for both activated CD3 T cells and
non-activated CD14 lymphocytes but not for
monocytes and granulocytes.

IFN-gamma

TGF-beta

TNF-alpha

Eotaxin

Lymphotactin

SCF Stimulates hematopoietic progenitor cell
growth, mast cell growth.

GITR GITR is involved in the regulation of T cell
receptor mediated cell death (resistance to
apoptosis).

GM-CSF Mediator of dendritic cell maturation and

function. Regulates myelopoiesis.

Ligand of CCR5 chemokine family affecting T
cells and monocytes.

I-TAC CXCL11 chemokine ligand of CXCR3. A
chemokine receptor on type 1 helper cells,
mast cells and mesangial cells.

TRAIL receptor-3 is not capable of inducing
apoptosis. TRAIL receptor-3 can compete for
TRAIL. It is capable of inhibiting apoptosis
mediated by TRAIL and serves as a decoy.

HCC-4

TRAIL-R3

IL, interleukin; IFN, interferon; NK, natural Killer; TGF, transforming growth factor;
TNF, tumor necrosis factor; PARC, pulmonary and activation-regulated chemokine;
SCF, sertoli cell factor; GITR, glucocorticoid induced tumor necrosis factor receptor;
GITR, glucocorticoid induced tumor necrosis factor receptor; GM-CSF, granulo-
cytes/macrophage - colony stimulating factor; HCC, hemofiltrate cysteine-cysteine
chemokine; I-TAC, interferon-inducible-Tcell alpha chemoattractrant; TRAIL-R3,
TNF related apoptosis inducing ligand-receptor.

2.3. Evaluation of serum samples
Serum was separated from blood samples collected from all sub-

jects and was analyzed for the presence of rabies virus neutralizing
antibody (RVNA) by the Rapid Fluorescence Focus Inhibition Test
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Table 2
Median of fold changes at three different time points (days 3 and 0; 7 and 0; 7 and 3) of ID or IM group (n=10 in each).
Cytokines Day 3/0 Day 7/0 Day 7/3
IM ID IM ID IM ID
Eotaxin 1.09 (-1.62,2.02) 1.365 (-2.28,2.37) —-0.02(-1.67,2.16) 1.7(-1.37,3.83) -1.11(-1.83,1.6) 1.22(-1.88,2.73)
GITR 0(-2.17,2.37) 1.18 (-2.32,1.49) 0.57(-1.74,3.75)  —0.54(-2.53,2.36) 0.99 (—209,2.44) 1.33(-2.48,2.16)
GM-CSF —0.5(-2.71,2.4) 0(-2.57,1.61) 1.49(-1.2,2.8) 0.65 (—2.33,2.77) 1.35(-2.33,2.55) 0.6 (—3.7,2.29)
HCC -1.24(-4.51,2.2) -1.14(-2.24,1.58) —1.25(-3.28,1.98) 1.15(-2.36,1.57) -1.09 (-1.76,2.17) 1.14(-1.95,2.53)
IFN-gamma 0.08 (-3.1,3) -1.21(-2.39,2.5) —0.07 (-2.55,2.38) 1.19(-1.73,2.48) 1.35(-3.64,2.17) 0.33(-1.52,2.4)
IL-10 0(0,0) 0(-1.41,2.24) 0(0,0) 0(-1.2,3.55) 0(0,0) 0(-1.82,1.59)
IL-12 0(-1.83,1.61) 0.61(0,2.48) 0.9 (0,2.09) 0.69 (—1.44,2.8) 0(—4.39,3.82) 0(-1.76,2)
IL-1 alpha 0.2 (—5.38,2.6) —0.54 (-4.41,3.8) 0.57 (-1.24,3.5) 1.43(-2.11,1.69) 0(-2.14,4.33) —0.61(—1.49,1.68)
IL-1 beta 0.69 (-1.7,1.6) 0(-2.75,3.71) 2.01(-3.43,4.76) 0(—1.3,1.64) 1.33(-48.1) 0(-2.52,4.25)
IL-2 0(-3.08,1.33) 1.23(-2.2,1.64) 0.51(-3,233) 0(-2.57,1.71) 0.55(-1.8,1.75) 0(-2.56,2.55)
IL-4 0(0,0) 0(-4.51,1.11) 0(0,0) 0(-4.26,1.34) 0(0,0) 0(0,1.55)
IL-5 0(-5.08,3.2) 0(-1.38,3.7) 0(-4.09,1.15) 1.2(-1.88,2.01) 0(-2.13,5.7) 1.02 (-1.8,2.59)
IL-6 0(-5.08,3.2) 0.75 (—4,2.1) 0(-7.3) 1.15(-1.31,3.7) 0.05 (0,2.2) 0.2 (—5,4.48)
I-TAC 1.61(-3.62,6.86) 1.8 (—3.46,3.29) 2.28(-1.58,4) 5.42 (-2.18,8.69) 1.42 (-3.07.3.03) 1.22 (-4.15,3.95)
Lymphotactin 142(-3.11,6.6) 0(-1.73,1.33) 1.16 (-3.71,2.56) 0.56 (—1.36,1.7) 1.67 (-3.61,2.35) 0(-1.6,2.95)
PARC 1.05 (-1.09,1.13) -1.01(-1.3,1.19) -1.08(-1.19,1.18)  -0.02(-1.69,1.27) -1.12(-1.33,1.11) -0.02 (-1.37,1.09)
SCF 1.6(-2.12,2.81) 1.23 (-5.44,4.24) 1.15(-2.01,4.27) 0.58 (-2.31,3.41) —0.09 (—3.88,2.02) —0.62 (—3.33,2.92)
TGF-beta 1.13(-4.58,2.72) —-0.51 (-2.16,1.96) 0.01 (—3,4.44) 1.23(-1.57,2.72) -1.12(-2.93,4.2) 1.33(-1.74,1.84)
TNF-alpha 0.73 (-1.6,2.24) —-0.51(-3,1.31) 1.25(-1.07,231) -1.37(-3.53,2) 1.64 (—2.4,4.5) —1.42 (-4,3.03)
TRAILR3 -1.1(-1.37,2.33) 1.07 (-1.29,1.62) 1.04 (-1.78,2.42) 1.14(-2.38,1.51) 1.04(-1.71,1.3) 0.03 (-2.97,1.48)

Numbers in parentheses are the minimum and maximum values of fold-changes in each group respectively. The numbers in bold and italic represent values that reach
statistical significance (p <0.05) according to Mann-Whitney U-test. The number zero appears as the result of 0 value on day 3 or 7.

(RFFIT) [15]. Serum samples were also analyzed to quantify the
level of chemo- and cytokines using the RayBio® Cytokine Antibody
Arrays (RayBiotech, Inc., Norcross, GA, USA).

2.4. Screening of initial serum samples

Serum samples initially collected from the two subjects included
in the screening survey were evaluated for the presence of RVNA
and for 122 chemo- and cytokines. The levels of chemo- and
cytokines were evaluated using the RayBio® Cytokine Antibody
Arrays-Human Antibody Array System VII & 7.1 according to the
manufacturer’s instruction (RayBiotech, Inc., Norcross, GA, USA).
Semi-quantitative values for the two subjects vaccinated ID or IM
were expressed as fold-changes on days 3, 4 and 7 after initiation
of the first dose of vaccine. The fold-changes were calculated by
dividing the normalized values of the test samples on days 3, 4 and
7 by that on day 0. If the fold difference was lower than 1, the fold-
change was calculated as [—1/fold differences]. For example, if fold
difference was 2.35; fold-change = 2.35. If fold difference was 0.42;
fold-change=-1/0.42=-2.38.

Those with twofold positive or negative changes were consid-
ered as up or down regulation, respectively and were chosen as
candidates for further study. Method of calculations on fold differ-
ence and fold-change was similar to the PCR array data analysis
(www.superarray.com. downloaded on 11 December 2006).

2.5. Selection of candidate cytokines

Twenty relevant candidates of the initial 122 cyto- and
chemokines chosen for analyses were selected based on criteria
described above. These included eotaxin, glucocorticoid induced
tumor necrosis factor receptor (GITR), granulocytes/macrophages —
colony stimulating factor (GM-CSF), hemofiltrate cysteine-cysteine
chemokine (HCC)-4, interferon (IFN)-gamma, interleukin (IL)-1
alpha, -1 beta, -2, -4, -5, 6, -10, -12, interferon-inducible T cell
alpha chemoattractrant (I-TAC), lymphotactin, pulmonary and
activation-regulated chemokine (PARC), sertoli cell factor (SCF),
transforming growth factor (TGF)-beta, tumor necrosis factor
(TNF)-alpha and TNF related apoptosis inducing ligand-receptor
(TRAIL-R3). Their functions are briefly described in Table 1 [16,17].

Following the initial selection of cytokines from the two subjects
included in the screening group, sera collected on days 0, 3 and 7
from the10 subjects vaccinated IM and the 10 subjects vaccinated
ID were evaluated for the levels of the selected cytokines. The lev-
els of each chemo- and cytokine were expressed as fold-changes
between 3 different time points (days 3 and 0; 7 and 0; 7 and 3) of
the same group (ID or IM) as previously described in the screening
group.

Median values in the fold-change of each cytokine from ID and
IM group were then determined (Table 2).

3. Results

The demographic characteristics of the subjects were similar
across the ID and IM groups (data not shown). They received the
same batch of vaccine on the same day. All of the samples were
assayed on the same run.

By day 14 after initiation of the vaccination series, all subjects
in both the IM and the ID groups had titers above the WHO rec-
ognized adequate level of 0.5 [U/ml. RVNA in subjects from the IM
group ranged from 1.24 t021.02 (1.24, 2.08, 21.02, 14.23,6.82,9.64,
2.4, 10.03, 10.39, 8.73); and in the ID group ranged from 2.49 to
13.47(8.36,7.03,12.9,13.47,11.83,13.47,12.35.11.33 10.39, 2.49).
None of the subjects reported any adverse reactions or exhibited
lymphadenopathy at axillary sites. Lower titers (below 2.5) were
evident in three subjects that received PEP by the IM route and in
one subject that received PEP by the ID route (1.24, 2.08 and 2.4 in
IM and 2.491U/ml in ID group).

The levels of chemo- and cytokines in each group that were ele-
vated or diminished at different time points are summarized in
Table 2. Due to the skew deviation of the values of these chemo-
and cytokines, median value was chosen for the central tendency.
In order to determine whether they were statistical different or not,
Mann-Whitney U-test was applied. The level was chosen at <0.05.
It appeared that 3 of 20 chemo- and cytokines reached statistical
significance. They were eotaxin (day 7-0) and IL-5 (day 7-0) in the
ID group and IL-1 beta (day 7-0) in the IM group (Table 2 in bold
and italic). The chemo- and cytokines that were also elevated earlier
and/or persisted, but not to a significant level, in the subjects that
received ID PEP included: GITR, HCC, IL-1 alpha, IL-2, IL-6 and TRAIL
R3.The chemo- and cytokines that were elevated earlier and/or per-
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sisted, but not to a significant level, in the subjects that received IM
PEP included: GM-CSF, IFN-gamma, lymphotactin, PARC, TGF-beta,
and TNF-alpha. The chemo- and cytokines similarly elevated, but
not to a significant level, in both the ID and IM groups included:
IL-12, I-TAC and SCF. Those with levels unchanged in both ID and
IM groups were IL-4 and IL-10.

Sub-analysis of chemo- and cytokine levels among the 4 subjects
with lower titers did not identify any specific chemo- or cytokine(s)
that might be related to a lower humoral immune response (data
not shown).

4. Discussion

Our study suggests that there may be a different immunolog-
ical pathway involved between subjects that receive the IM vs.
ID route of rabies vaccine. Th2 and Th1 responses might domi-
nate in subjects that received the ID and IM regimens respectively.
Although only eotaxin, IL-1 beta and IL-5 were shown to be signif-
icantly elevated, this might not exclude the roles of other chemo-
and cytokines, since timing of response may be earlier than the day
of sampling and our sample sizes were also limited.

Although IL -4 could not be demonstrated in our study, this
might be explained by the fact that IL-4 is the first of the Th2 cas-
cade and because the first blood draw was taken on day 3, the timing
may have been too late to identify this particular cytokine. IL-5, with
level significantly elevated, and -6 were identified beginning with
the first sample taken on day 3. Chemokines, such as eotaxin (with
level significantly elevated) and HCC-4, which attract eosinophils
and monocytes, may also play a role in enhancing the antibody
response in subjects that received the ID regimen. Although Th2
lymphocytes that contribute to IgE antibody responses (via eotaxin
and IL-5) can favor immediate or late hypersensitivity reactions
(of type 1 of the Gell and Coombs classification), such side effects
were not observed excessively in any of the subjects that received
the ID route of administration in our study and have not been
reported elsewhere. Intriguingly, the level of IL-2 (Th1 response)
was also elevated (although not to a significant level) in subjects
that received the ID route of administration, and not in the sub-
jects that received rabies vaccine via the IM route. The level of
interferon-gamma (Th1 response) showed some degree of depres-
sion on day 3 and elevation on day 7 in the ID group and remained
unchanged in the IM group. The resistance to depression of the
interferon-gamma may enhance the production of Th1 in subjects
that received vaccine via the IM route.

The level of GITR in the ID group was elevated, but not to a sig-
nificant level, beginning with the first sample taken on day 3. GITR
is expressed in normal T-lymphocytes from thymus, spleen, and
lymph nodes and does not appear to be expressed in other non-
lymphoid tissues (Table 1). The expression of GITR is induced in
T-lymphocytes upon activation. GITR may modulate the survival
of T-lymphocytes in peripheral tissues by inhibiting cell death by
apoptosis (data in www.copewithcytokines.de). Such a mechanism
may also be the case with TRAIL R 3 which was noted to be elevated
but not to a significant level in the ID group beginning with the first
sample taken on day 3.

The hallmark of the Th1 response in the IM group in this study
was expected to be the level of TNF-alpha. However, the changes in
TNF-alpha levels were not significant but some degree of elevation
in the IM group of subjects and depression in the ID subjects were
evident. This was similar in the case of PARC with some degree of
depression in the ID group and elevation in the IM group beginning
with the first sample taken on day 3. Expression of PARC mRNA
is observed in follicular dendritic cells in the germinal centers of
regional lymph nodes (data in www.copewithcytokines.de). This
may suggest that the ID route of vaccination may not be the only

immunization route which enables dendritic cells, after capturing
antigen at the site of vaccination, to migrate to draining lymph
nodes. GM-CSF was elevated (but not significantly) on day 7 in both
IM and ID groups with a higher level being noted in the IM group.
The synthesis of GM-CSF is inducible by TNF-alpha and its mode
of action is to promote the local inflammatory reaction commonly
associated with a type 4 hypersensitivity reaction [13]. Neverthe-
less, none of the subjects in the IM or in the ID group experienced
any side effects 30 days after the initiation of vaccination. The lym-
photactin level was elevated exclusively in the IM group on day 3
and day 7 whereas the TGF-beta level was elevated earlier in the IM
as compared to the ID group. Nevertheless, these changes were not
statistically significant. It is not known whether the early expres-
sion of lymphotactin and TGF-beta retards the immune activation
process in the IM group.

In summary, both IM and ID routes of rabies immunization have
been proven to be comparable in terms of elicitation of antibody
response and in providing the long term memory cells. However,
ID requires only a small proportion of the IM dose (one-fifth to one-
tenth of the IM dose depending on the size of vaccine ampoule)
and provides a means by which countries with limited budgets can
supply life saving rabies vaccine for patients without the financial
means to do so. The Th1/Th2 balance as well as certain chemo-
/cytokines cascades may offer a plausible reason as to why the more
economical ID route of rabies vaccination for PEP is as efficacious
as the IM route. The ID regimen should be encouraged to be used
as standard regimen for post-exposure rabies prophylaxis in rabies
endemic country.
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origin have their own specific miRNAs that, in theory, may impact
on viral transcription and replication. This may possibly explain, in
part, why rabies virus remains dormant at the inoculation site in
rabies patients for long periods. Owing to the RNA interference
(RNAI) technology, it has been possible to introduce exogenously
designed artificial short interfering RNAs (siRNAs) and miRNAs into
virus-infected cells for therapeutic purposes. Successful attempts
in using RNAi for prevention and treatment of DNA and RNA virus
infections both in vitro and in vivo experiments have been
reported. The fact that rabies remains incurable has stimulated
the development of the therapeutic RNAI strategy. We describe
herein preliminary evidence that cellular miRNA may play a role in
suppressing viral replication, explaining the eclipse phase, and that
artificially designed multitargeting miRNA can successfully inhibit
rabies virus transcription and replication in vitro.

. INTRODUCTION

Short interfering RNAs (siRNAs) and microRNAs (miRNAs) are two
relatively well-defined classes of small RNAs involved in RNA silencing,
a mechanism for sequence-specific gene silencing regulated by RNAs of
19-30 nucleotides (nt) in length (Carthew and Sontheimer, 2009). siRNAs
are usually derived from long double-stranded RNA (dsRNA) of exoge-
nous origin. In contrast, miRNAs are endogenously encoded small RNAs
generated from the dsRNA region of hairpin-shaped precursors. Evi-
dence suggests that both classes of small RNAs play important roles in
viral pathogenesis (Lu and Liston, 2009; Skalsky and Cullen, 2010). In this
chapter, we discuss the potential role of noncoding RNA, especially
miRNAs, in rabies pathogenesis as well as progress and roadblocks in
developing a therapeutic strategy against rabies using an artificial
miRNA (amiRNA) approach.

Il. MICRORNAS

A. miRNA biogenesis

miRNAs are small, single-stranded RNA, 18-25 nt long encoded in the
genome of diverse organisms, including plants (Jones-Rhoades et al.,
2006), worms (Lee et al., 1993; Reinhart ef al., 2000), flies (Brennecke et al.,
2003), and humans (Bartel, 2004, Lagos-Quintana et al., 2001; Lim
etal.,2003), that regulate gene expression by binding to the 3'-untranslated
region (UTR) of specific mRNAs. These miRNAs are derived from long
RNA transcripts containing single or multiple stem-loop structures called



Rabies Virus Infection and MicroRNAs 331

primary transcripts of the miRNA genes (pri-miRNAs). Pri-miRNA tran-
scripts can be found as independent transcripts or within the intron of
protein-encoding genes. They are generated by RNA polymerase II and
contain a 5'-cap and polyA tail (Lee et al., 2004). The first step of mature (18-
to 25-nt) miRNA biogenesis involves the recognition and nuclear cleavage
of the RNA stem-loop structure of the pri-miRNA by the cellular RN Ase I1I
enzyme Drosha and its copartner dsRNA-binding protein, DiGeorge syn-
drome critical region gene 8 (DGCRS8) to form the 60- to 70-nt pre-miRNA
(Lee et al., 2003). The cleavage leaves a 2-nt overhang at the 3’-end of
pre-miRNA which is recognized and transported out of the nucleus by
Ran-GTP and a receptor, Exportin 5 (Lund ef al., 2004; Yi et al., 2003). Upon
reaching the cytoplasm, GTP hydrolysis results in release of the pre-
miRNA, 3' 2-nt overhang is then bound by a second cellular RNase III
enzyme called Dicer. Dicer removes the terminal loop from pre-miRNA
and generates miRNA duplex intermediate. Usually, only one strand of
the duplex (miRNA strand) is stabilized and incorporated into a multiple
protein nuclease complex, the RNA-induced silencing complex (RISC),
whereas the other strand (passenger strand) is released and degraded. The
miRNA acts as a guide to direct RISC to complementary targets and
regulates protein expression by promoting translational repression,
mRNA degradation, and mRNA cleavage (Cullen, 2004; Khvorova et al.,
2003; Kim, 2005; Kim et al., 2009) (Fig. 1). Although it was generally
believed that perfect or near perfect complementary pairing between
miRNA and mRNA is required for mRNA cleavage and degradation,
whereas imperfect complementary pairing leads to translation block,
miRNAs can target mRNAs containing only partially complementary
sequences to degradation pathway (Bagga et al., 2005). New evidence
suggests that mRNA degradation, not translational block, may be the
main pathway used by mammalian miRNAs that leads to a reduction in
target proteins level (Guo and Lu, 2010). In plants, most known targets of
miRNAs are silenced by perfectly complementary miRNA. In contrast,
most known miRNA targets in animals are only partially complementary
to their cognate miRNAs (Sontheimer and Carthew, 2005). The pairing of
nucleotide 2-8 of miRNA (seed region) is crucial for target recognition.

B. Functions

The latest version (16th) of the largest miRNA database MiRBase (http://
microrna.sanger.ac.uk) contains 17,341 mature miRNAs, from 142 spe-
cies, including over 700 human miRNAs. As each miRNA has the poten-
tial to target over 200 different transcripts, it is possible that miRNAs
regulate up to 30% of all human protein-coding genes (Lewis et al., 2005).
While siRNAs function mainly as natural defenses against viruses, miR-
NAs are found to be involved in regulating a wide variety of important
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resulting in the formation of the RISC, which is able to regulate the mRNA downstream.

cellular processes, ranging from development (Carrington and Ambros,
2003; Stefani and Slack, 2008), cellular differentiation (Kim et al., 2006),
proliferation (Brennecke et al., 2003), and apoptosis (Jovanovic and
Hengartner, 2006; Xu et al., 2003) to cancer transformation (Dalmay and
Edwards, 2006). Many miRNAs are ubiquitously expressed, whereas
others are expressed in a cell-type-specific manner. Certain viruses can
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produce viral-encoded miRNAs that regulate both viral and host cell gene
expression suitable for each stage of the viral life cycle (Cullen, 2009;
Dykxhoorn, 2007; Schutz and Sarnow, 2006).

lll. MIRNAS AND VIRUSES

A. Roles of cellular and virally encoded miRNAs in
viral diseases

Viral survival and replication are highly dependent on host cellular
machinery. There has been growing evidence that host cellular miRNAs
can moderate the viral life cycle and cell-type-specific miRNAs may
contribute to the tissue tropisms of viruses (Perez ef al., 2009; Umbach
and Cullen, 2009). In most cases, it has been shown that endogenous
miRNAs can, at least partially, reduce viral replication. For example,
human miR-32 has been reported to restrict the replication of primate
foamy virus type 1 (PFV-1) (Lecellier et al., 2005), whereas miR24 and
miR93 interfere with the function of vesicular stomatitis virus (VSV) P
and L genes (Otsuka et al., 2007). When miRNA processing is inhibited,
the replication rate of viruses, such as influenza A virus (Song et al., 2010),
VSV (Otsuka et al., 2007), herpes simplex virus 1 (HSV-1) (Gupta et al.,
2006), and human immunodeficiency virus (HIV-1) (Triboulet et al., 2007;
Yeung et al., 2005), is increased. Recent studies have showed that inter-
feron beta can mediate antiviral effects through upregulation of endoge-
nous miRNAs (Pedersen et al., 2007, Witwer et al., 2010). Many viruses
globally repress Pol II transcription in infected cells and, therefore,
repress miRNA biogenesis. In contrast, some viruses use host cellular
miRNA to facilitate viral replication. It has been shown that liver-specific
human miR-122 targets the 5'-UTR of hepatitis C virus (HCV) RNA and
promotes HCV replication ( Jopling ef al., 2005). However, inhibition of
mir-122 reduces the viral load in chimpanzees chronically infected with
HCV (Roberts and Jopling, 2010). In Epstein—Barr virus (EBV) infection,
the switch from latency stage to lytic replication involves miR200b and
miR429 (Ellis-Connell et al., 2010). Specific cellular miRNAs can be
induced by specific viral infections (Triboulet ef al., 2007). EBV induces
the expression of several cellular miRNAs, including miR155 that plays
an important role in promoting transformation of B cells (Cameron et al.,
2008; Linnstaedt et al., 2010).

To date, more than 200 virally encoded miRNAs have been reported.
Virally encoded miRNAs have been found mainly with DNA viruses.
Viruses within the Herpesviridae family, such as cytomegalovirus (CMV)
(Grey et al., 2005; Pfeffer et al., 2005), EBV, and Kaposi’s sarcoma-asso-
ciated herpesvirus (KSHV) (Cai and Cullen, 2006), encode several miRNA
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(9-23 miRNA) within the viral genome. Adenovirus (Aparicio et al., 2006)
and SV40 virus (Sullivan et al., 2005), also nuclear DNA viruses, contain a
single miRNA. As cleavage of the pri-miRNA by Drosha occurs in the
nucleus, it has been speculated that cytoplasmic viruses may not be able
to generate miRNA (Cullen, 2010).

Current evidence suggests that viruses use their miRNAs to manipu-
late the cellular environment and viral gene expression to favor their
long-term survival (Skalsky and Cullen, 2010). Most known cellular tar-
gets of viral-encoded miRNAs are involved in either modulating cellular
immune responses or apoptosis (Choy et al., 2008; Umbach and Cullen,
2009). Regulation of viral protein production at different stages of the life
cycle helps promote immune evasion. For example, SV40 miRNAs inhibit
viral T-antigen RNA in the late stage of infection, thus, reducing infected
cell susceptibility to killing by cytotoxic T-cells (Sullivan et al., 2005). HSV-
1 miRNAs, which are expressed at high level during latency, but not
during productive viral replication, downregulate the immediate-early
transactivators ICPO and ICP4, both of which play a key role in the
induction of lytic replication, therefore, maintaining latency stage
(Umbach et al., 2008).

B. Potential roles of cellular miRNAs in rabies virus infection

It would be intriguing to know whether cellular miRNAs play any role in
rabies pathogenesis. Recent studies in VSV, a negative sense single-
stranded RNA virus, closely related to rabies virus (RABV), showed
that miR24 and miR93 could contribute to viral susceptibility by binding
to viral L and P genes (Otsuka et al., 2007). It was also shown that VSV
infection induced expression of miR706 which inhibits apoptosis pathway
and therefore may be involved in strategy for survival of VSV (Lian et al.,
2010). Computational predictions using a ViTa bioinformatics program
(Hsu et al., 2007) identify several candidate miRNAs that may bind to
either RABV transcripts or RABV genome. Moreover, we found that when
Drosha was knocked down, RABV can replicate at a faster rate (Israsena,
unpublished data) (Fig. 2A and B).

Of a few endogenous miRNA candidates identified, we focused on
miR-133, which is specifically expressed in skeletal muscle (Chen ef al.,
2006) in which RABV may enter and remain latent for variable periods
of time, from days to year(s) (Jackson, 2008). miR-133 has been pre-
dicted to bind to both N and G transcripts (Fig. 3A and B). To address
whether hsa-mir-133 influenced RABV replication, we transfected
Neuro-2a with an miRNA-133 mimic before challenge with attenuated
RABV (HEP-Flury). On comparison between Neuro-2a cells transfected
with control miRNA and muscle-specific miR133 mimic, the results
showed that there was marked reduction of expression of viral protein
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FIGURE 2 SiRNA against Drosha promotes rabies virus propagation. Neuro2A cells

were transfected with anti-Drosha siRNA. Twelve hours after transfection, the cells were
infected with RABV. Eight hours (A) and 72 h (B) after infection, the levels of viral genome
were determined by real-time PCR. **, the results were significantly different (P < 0.05).

(as shown by immunofluorescence staining) only in the case of miR133
(Fig. 3C).

Wild-type RABVs may have differences in mutations, either at coding
(either as nonsynonymous or synonymous pattern) or noncoding regions
or both. Therefore, it is possible that miRNAs, which recognize target
genes through nucleotide pairings in different host cells/tissues in the
body of infected hosts, can affect the properties of RABV and even have
effects on the clinical manifestations or outcomes of patients. In addition,
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direct-immunofluorescent staining with FITC-conjugated anti-N antibody (C). Note the
reduction in FITC staining in hsa-miR-133a treated group.



Author's personal copy

Rabies Virus Infection and MicroRNAs 337

the pressure constraints by cell-type-specific miRNA suppression may
promote mutations in that specific corresponding region of the RABV
genome (Fig. 4).

It remains to be determined to what extent that tissue-specific endog-
enous miRNA(s) play roles in tissue tropism and in the variable incuba-
tion periods in patients with rabies.

C. Viral-encoded RNA: Does it exist in RABV infection?

It is still debatable whether RNA viruses can generate miRNA. This is due
to the fact that most RNA viruses replicate in the cytoplasm and excision
of genomically encoded miRNA in stem-loop structure, theoretically,
would induce the cleavage and degradation of the RNA viral genome.
Large-scale small RNA cloning studies failed to identify viral-encoded
miRNAs from various viruses with RNA genomes (Pfeffer ef al., 2005)
Recently, it has been shown that RNA viruses can be engineered to
produce functional miRNA (Rouha et al., 2010; Varble et al., 2010). Cyto-
plasmic viral miRNA can be processed by noncanonical mechanisms,
which is a Dicer-dependent, DGCR8-independent pathway (Shapiro
et al., 2010). In RABV infection, bioinformatics analysis using the Vir-mir
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FIGURE 4 Diagram showing genetic variability of wild-type RABV in Thailand and its
effect on miRNA target selection. Based on sequences of RABV N gene from 237 samples
of rabies infected dogs in Thailand during 1998—2002 (Denduagboripant et al., 2005), any
prechosen 22-nt target sequences for amiR inhibition will have a small but significant
chance for not forming a perfect base-pairing with unknown wild-type RABV NmRNA.
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database (Li et al., 2008) identifies two potential stem-loop structures
within the L gene transcript and also in the intergenic region of some
RABYV strains. We also found that incorporation of an miRNA precursor
within HEP-Flury genome can produce functional miRNA and does not
interfere with viral replication (Israsena et al., unpublished data). It is still
unclear whether wild-type RABV can produce miRNA or a distinct form
of noncoding RNA other than leader RNA and whether this may play a
role in rabies pathogenesis.

IV. INHIBITION OF RABIES VIRAL REPLICATION
BY siRNA/AMIRNA

Rabies is a fatal human disease that remains a serious public health
problem in many countries. More than 50,000 persons die of rabies each
year (World Health Organization, 2005). Once the symptoms develop,
there is no effective treatment (Hemachudha et al., 2006). RNAi technol-
ogy has rapidly evolved to become one of the promising approaches for
the treatment of viral infections. RNAIi can be initiated in target cells by
either applying exogenous synthetic dSRNA molecules or using plasmid/
viral vector constructs containing short-hairpin RNA (shRNA) or a pre-
miRNA backbone that can be processed into amiRNAs. It has been
demonstrated that expression of amiRNAs is more effective and less
toxic than the regular shRNA vectors (Boden et al., 2004; Li and Ding,
2006; McBride et al., 2008; Qu et al., 2007). Results from many in vivo
studies (McCaffrey et al., 2003) and a phase I clinical trial (DeVincenzo
et al., 2010) provide the proof-of-concept for the use of an RNAi as a
therapeutic agent in humans. We will discuss the progress that has been
made and roadblocks needed to overcome to develop siRNA/miRNA
into new therapeutic modalities for RABV infection.

There have been many approaches to inhibit viral infections such as
inhibiting viral RNA replication, silencing viral accessories, inhibiting the
assembly of viral particles, and blocking virus-host interactions. The
proteins of the RNP complex, nucleoprotein (N), phosphoprotein (P),
and polymerase (L), are important for both viral transcription and repli-
cation. Therefore, they are considered as candidates for siRNA/miRNA
inhibition. Pioneering studies in searching for genetic suppressor ele-
ments that inhibit RABV replication also identified rabies N and P as
effective targets (Wunner ef al., 2004). It has been shown in VSV infection
that siRNA against PmRNA can reduce viral replication (Barik, 2004).

In RABV infection, it has been reported that siRNA designed against
NmRNA can partially protect BHK-21 cells from rabies viral infection as
shown by a reduction of fluorescent intensity with the direct fluorescent
antibody test (Brandao et al., 2007). Further, the application of amiRNA
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designed against NmRNA prior to or after infection of neural cells with
RABYV significantly reduced rabies viral mRNA and its replication (Israsena
etal.,2009). These results suggest that N may be a viable target for inhibition.
It is possible that siRNA /miRNA designed against P and L mRNA could
also be strong inhibitors of RABV replication. Recent studies have demon-
strated the important role of P protein in suppressing the IFN pathway (Ito
et al., 2010) and, therefore, promotion of innate immune responses to RABV
may be possible by inhibiting P mRNA.

Similar to what has been previously shown in the case of other nega-
tive dsRNA viruses, such as VSV and respiratory syncytial virus (RSV),
the RABV genome is protected from the RNAi pathway (Israsena et al.,
unpublished data). Yet, it is still unclear whether targeting viral genome
can alter its pathogenicity. Recombinant VSVs, which incorporate miRNA
target sequences in the viral genome, showed significant reduction in
neurotoxicity in the presence of amiRNA as compared to wild-type
virus, and these recombinant viruses showed distinct tissue tropism
(Kelly and Russell, 2009; Kelly et al., 2010).

One of the major concerns in using siRNA against RNA viruses is the
high rate of viral mutations that can lead to the loss of siRNA efficacy.
As RNAi relies upon a nearly perfect sequence complementary between a
siRNA molecule and the viral RNA target, the accumulation of mutations
can render that virus to become resistant to RNAi suppression. This
phenomenon has been observed in chronic HIV infection (Das et al.,
2004). Although cellular miRNA can inhibit mRNA translation when
there is (are) mismatch(s) in base pairing outside the seeding region of
the miRNA, a near perfect base pairing is still required for mRNA cleav-
age. Analysis of data from sequences of amiRNA against those of RABV
demonstrated that amiRNA construct activity can be reduced when mis-
matching with target sequences occurs at critical sites (Israsena et al.,
2009). This issue is of particular concern if amiRNA is to be developed
as a therapeutic option. In the clinical setting, the patient must receive
treatment as early as possible. Data from country-wide survey of wild-
type rabies sequences suggested that even within the conserved region of
rabies N gene (Denduangboripant et al., 2005), one-third of nucleotides
studied showed significant degree of genetic variability (5-49%). Because
these variable nucleotides are present in every 10-15 nt of the gene, it is
not possible to predesigned amiRNA that can perfectly match the wild-
type virus even within the same country. This potential limitation may be
solved by using vectors containing multiple RNAi molecules such as
amiRNA, long-hairpin RNAs (IhRNA), and modified hairpin RNA
(mhRNAs; Haasnoot et al., 2007) to enable simultaneous targeting of
different sites. Efficient inhibition by lhRNAs has been reported for
viruses, such as HIV-1 and HBV (Konstantinova et al., 2006; Liu et al.,
2008; Weinberg et al., 2007).
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MRI studies suggest that, unlike other causes of viral encephalitis, the
blood-brain barrier (BBB) remains intact until a late stage of RABV infec-
tion (Laothamatas et al., 2003). Intactness of the BBB precludes entry of
therapeutic agents from blood to brain. Safe and effective methods for
delivery of siRNA/miRNA to the CNS remain an important unsolved
issue. One possible approach for siRNA delivery is by intravenous treat-
ment with modified RABV G incorporated with antiviral siRNA. It has
been shown that this strategy can protect mice against fatal West Nile viral
encephalitis (Kumar et al., 2007). Another potential strategy is by using
viral vectors. Recently, it has been shown that combined systemic injection
of SV40 virus with mannitol, which temporarily breaks down the BBB, can
effectively deliver transgenes to adult neurons in several regions of the
CNS (Louboutin et al., 2010). An appropriate delivery system needs to be
developed and tested further in an in vivo model.

V. CONCLUSIONS

After decades of studies, several aspects of rabies pathogenesis, such as
mechanisms explaining the variable incubation period, virulence, and
diversity of clinical manifestations, are still unclear and there is no effec-
tive treatment available. Further research on the relationship between
noncoding RNA and RABV infection may shed some light on these
unanswered questions. Strategies using siRNA/amiRNA to inhibit
RABV replication have begun to show promise in an in vitro study
(Brandao et al., 2007; Israsena et al., 2009). It remains to be seen whether
these strategies can be developed into viable therapeutic options. Much
work is needed to be done to solve the problem of the delivery issue and
long-term efficacy. Due to the limitation of cellular gene silencing machin-
ery, it is very likely that this RNAi approach has to be applied in conjunc-
tion with other measures in the real clinical setting.
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Abstract Rabies remains a virtually incurable disease once symptoms

develop. Neuroimaging studies demonstrate lesions in the different
parts of the neuroaxis, even before brain symptoms are evident.
These abnormalities have been detailed in both rabies virus-
infected humans and dogs with magnetic resonance imaging
(MRI). MRI disturbances were similar in both forms (furious or
paralytic) in human rabies; however, they were more pronounced
in paralytic than in furious rabies virus-infected dogs in which
examination was done early in the disease course. Abnormalities
were not confined only to neuronal structures of hippocampus,
hypothalamus, basal ganglia, and brain stem but also extended to
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white matter. The blood—brain barrier (BBB) has been clearly shown
to be intact during the time rabies virus-infected patients and dogs
remained conscious, whereas leakage was demonstrated as soon as
they became comatose. Although the location of MRI abnormal-
ities can help diagnosing rabies, the intensities of signals are usually
not very distinct and sometimes not recognizable. Newer techni-
ques and protocols have been developed and utilized, such as
diffusion-weighted imaging and diffusion tensor imaging, and the
latter provides both qualitative and quantitative data. These tech-
niques have been applied to normal and rabies virus-infected dogs
to construct fractional anisotropy and mean diffusivity maps.
Results showed clear-cut evidence of BBB intactness with absence
of vasogenic brain edema and preservation of most neuronal
structures and tracts except at the level of brainstem in paralytic
rabies-infected dogs. Neuroimaging is one of the most useful tools
for the in vivo study of central nervous system infections.

I. INTRODUCTION

Rabies is acute and invariably fatal encephalitis in humans. Dog variant of
genotype 1 in the genus Lyssavirus is responsible for the vast majority of
human rabies deaths worldwide, whereas bat variant (from hematopha-
gous and nonhematophagous bats) has been associated with sporadic
cases and outbreaks in the Americas. After successful introduction of
virus into the wound, the virus gains entry to the central nervous system
(CNS) by fast axonal transport along the nerves (Dirk et al., 2001;
Hemachudha and Phuapradit, 1997; Hemachudha et al., 2002, 2005).
Various degrees of inflammation of the peripheral nerves, dorsal root
ganglia, and spinal cord, especially at the level of bite site, have been
observed at postmortem examination. They are in accord with the find-
ings of electrophysiological and neuroimaging studies (Laothamatas et al.,
2003; Mitrabhakdi et al., 2005). Myelinopathy or axonopathy underlies
motor weakness in the case of human paralytic rabies (Mitrabhakdi et al.,
2005; Sheikh et al., 2005). CNS innate immunity, inversely correlated with
viral load in the brain, may be responsible for variable results in magnetic
resonance imaging (MRI) of the brains in furious and paralytic dogs
(Laothamatas et al., 2008). Despite differences in MR signal intensities in
the rabies virus-infected dog brains with furious and paralysis, the
abnormalities are localized in similar brain regions in both clinical
forms. Presence of abnormal, albeit trivial, brain MR signals during the
presymptomatic phase and the lack of correlation between clinical
limbic involvement and MR localization suggest functional and/or
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microstructural damage at vulnerable sites. This requires alternative stra-
tegies that can focus on the integrity of neurons and tracts interconnecting
different brain regions. The status of the blood-brain barrier (BBB) and
nature of edematous processes (cytotoxic and vasogenic types) should
also be monitored in parallel.

Il. NEUROIMAGING TECHNIQUES

Neuroimaging techniques are composed of structural imaging, including
computerized tomography (CT) and MRI as well as advanced imaging
that can demonstrate functions and molecular and chemical metabolites
in the CNS. Upon viewing the images of the CNS in encephalitis, it must
be noted that they result from the process of infection itself and the host
reaction, which can be variable from necrosis to apoptosis or other type of
neuronal cell death process. This may be further complicated by insult(s)
from accompanied systemic (such as prolonged hypoxia, shock, bleeding
disorder) or metabolic (e.g., electrolyte imbalance or renal insufficiency)
derangements. Preferential sites of involvement as shown by neuroimag-
ing can be used as signatures for encephalitis caused by particular patho-
gens. This is particularly useful when combined with information about
the clinical stage of disease (e.g., level of consciousness, cardiopulmonary
status), presence of comorbidity of other organ systems, presence of single
or multiple sites of involvement along the neuroaxis (brain alone vs.
combination of brain, brainstem, spinal cord, and nerve roots), symmetri-
cal or asymmetrical involvement, and status of the BBB. lodinated
contrast enhancement in CT or gadolinium enhancement in MRI
depends on the breakdown of the BBB caused by the pathology. In early
rabies encephalitis, BBB permeability remains preserved (Hemachudha
et al., 2003), and therefore, no parenchymal enhancement is detected.
However, in the late or comatose phase of the disease, there is
BBB breakdown along the midline structures of the brain and
spinal cord associated with gadolinium-enhancing lesions (Laothamatas
et al., 2003).

A. CT images

CT scan is one of the structural image techniques based on density
information technology (Goldman, 2007). The gray scale levels of the
images indicate density of the structures, such as air and bone shown as
dark and white, respectively. The gray matter has a higher gray level
than the white matter. Water and fluid have levels of gray according to
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their contents. In edematous brain, a slightly decreased CT density is
shown as compared to the normal brain parenchyma. In the diffuse or
localized brain infections, such as caused by neurotropic viruses, mild
mass effect causing effacement of the sulci and gyri and slightly
decreased density of adjacent structures are expected findings. In certain
circumstances, there may be associated focal or multiple foci of hemor-
rhages demonstrated as high-density signals with mass effect such as in
the case of Japanese encephalitis and herpes simplex encephalitis (Kalita
et al., 2003). CT scan of the brain is not useful in diagnosing human rabies,
which is due to very subtle changes in brain structure. Very late cases may
suffer from hypoxia and show mild diffuse brain swelling, hyperdensity
of bilateral basal ganglia, or cerebral hemorrhage (Awasthi ef al., 2001).
Cerebral blood flow or perfusion studies have no clinical value in the
diagnosis of human rabies. Claims of the clinical significance of cerebral
arterial vasospasm as the result of deficiency of neural metabolites in
human rabies have led to potentially harmful administration of vasodila-
tors (Willoughby et al., 2008). There has been no clinical or radiological
evidence of vascular territory ischemia or infarction in any case of rabies
patients during life. This is also true in postmortem examination
(Hemachudha and Wilde, 2009).

B. MR techniques

MR is the imaging technique of choice when confronted with patients
with encephalopathy/encephalitis because of its high sensitivity in
detecting brain parenchymal abnormalities ( Jacobs et al., 2007; Kastrup
et al., 2005, 2008). Differentiation between fat, blood products, and patho-
logical tissue with high-proteinaceous content is also accurate. In addi-
tion, there are several advanced MR techniques to demonstrate functional
and molecular and metabolites in the CNS (Chavhan et al., 2009; Poustchi-
Amin et al., 2001). These are functional MRI, perfusion MRI, diffusion
MR, diffusion tensor imaging (DTI), tractography (Lee et al., 2005), and
MR spectroscopy.

1. MR pulse sequences

There are multiple MR pulse sequences to demonstrate the structures and
changes in CNS structures. These include T1-weighted images for anat-
omy evaluation, T2-weighted images for tissue abnormality detection,
and T2-fluid attenuation inversion recovery (FLAIR) images (Simonson
et al., 1996), which are T2-weighted images with subtraction of the high
water signal intensity enabling better detection of the abnormality along
the sulci and periventricular areas. Gradient pulse sequence and suscep-
tibility images are sensitive for paramagnetic effects such as blood pro-
ducts and calcification (Haacke et al., 2009; Mittal et al., 2009; Rauscher



Neuroimaging in Rabies 313

et al., 2005; Tong et al., 2008), which are particularly helpful in detecting
minute hemorrhages.

2. Diffusion-weighted images and DTI

Diffusion-weighted images (DWI) demonstrate the degree of Brownian
movement of the water (H,O) molecules in tissues (Hagmann et al., 2006;
Thomas et al., 2006). In biologic tissues, the interaction between the cellu-
lar structures and water molecules determines the degree of diffusion of
H,O molecules, representing the tissue structure at the microscopic level,
so-called molecular imaging. When there is neuronal cell swelling or
cytotoxic edema, causing narrowing of the interstitial spaces, H,O mole-
cules then move slower or become trapped causing bright signal on DWI
and decreased or hyposignal on apparent diffusion coefficient (ADC)
images, indicating restriction in diffusion of the H;O molecules. In the
case of vasogenic edema or gliosis, which results in wider interstitial
spaces, the H,O molecules are likely to move freely. Therefore, this results
in increased water diffusion demonstrated as hyposignal in DWI and
increased or hypersignal on ADC images. In the early encephalitis
phase, with only mild neuronal swelling and no apparent breakdown of
cell membranes or leakage of the BBB, no or only subtle changes are
evident on T2-weighted or FLAIR images. DWI has been reported to be
a sensitive technique at this stage of the disease (Kiroglu et al., 2006;
Prakash et al., 2004).

DTI measures both the direction and magnitude of the H;O molecules
movement designated as fractional anisotropy (FA). Quantification units
of diffusion are mean diffusivity (MD) measured in mm?/s. In CNS
tissues, due to the presence of white matter tracts, the diffusion of the
H,0 molecules is not equal in all directions but preferentially moves
along white matter tracts. Such movement is limited across the white
matter tracts, which is the so-called anisotropic phenomenon. This phe-
nomenon can be used to assess the integrity of the white matter tract, such
as in demyelinating processes, in which there are decreased FA values.
Quantification of FA values between the diseased brain and normal brain
can aid the early detection of demyelination (Assaf and Pasternak, 2008).

3. Proton MR spectroscopy

Proton MR spectroscopy is an advanced MR technique using chemical
shift phenomenon of hydrogen atoms in different tissues shown as spectra
of different metabolites in the brain with definite locations of each metab-
olite in part per million (ppm) regardless of magnet field strength (Barker,
2009; Barker and Lin, 2006; Dirk et al., 2001; Jansen ef al., 2006; Mark, 2006;
Yael and Robert, 2007). Examples are N-acetyl aspartase (NAA) peak, a
neuronal marker, at 2.0 ppm; choline (Cho) peak, a cell membrane metab-
olite, at 3.2 ppm; creatine (Cr) peak, a mitochondrial energy metabolism
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marker, at 3.0 ppm; myo-inositol (ml) peak, a glial/astrocyte-specific
marker, at 3.5 ppm; Lactate (Lac) peak, anaerobic respiratory marker, at
1.3-1.5 ppm; Glutamine/Glutamate (Glx) peak, neuronal transmitter
marker, at 2.1-2.4 and 3.6-3.8 ppm; and the lipid peak, tissue necrosis
marker, at 0.9-1.2 ppm. In the case of encephalitis with neuronal cell
damage and inflammatory change/gliosis, proton MR spectroscopy
demonstrates decreased NAA peak indicating neuronal cell damage,
increased Cho peak due to cell membrane breakdown, and mildly
increased ml peak due to glial cell damage (Gillard, 2009). Proton MR
spectroscopy has been applied in the study of rabies in dogs (Laothamatas,
unpublished data) (Fig. 1).

I1l. NEUROIMAGING IN RABIES

There have been several reported neuroimaging studies of human rabies
associated with dog- and bat variants and organ transplantation (Burton
et al., 2005; Desali et al., 2002; Hemachudha ef al., 2002; Laothamatas et al.,
2003; Pleasure and Fischbein, 2000). The imaging findings of these cases
were similar although some aspects varied, such as the extent of involve-
ment and degree of signal intensity and presence of contrast enhanced
lesions. These findings might be dependent on the time after clinical onset
when the examination was done, the status of immune responses in the
brain, and the nature of virus variants. An intense reaction and wide-
spread brain involvement were noted in the cases of rabies associated
with organ transplantation in which immunosuppressive agents were
withdrawn. This might reflect an immune reconstitution inflammatory-
like syndrome (Johnson and Nath, 2009). Preferential sites in human
rabies, as demonstrated in MR images, are spinal cord, brain stem, tha-
lami, limbic structures, and white matter with hypersignal T2 changes,
but with a very mild degree of mass effect. Some degree of progression
involving basal ganglia and cortical gray matter can subsequently
develop during the disease course, probably due to virus-induced neuro-
nal injury as well as superimposed hypoxic insult (Awasthi et al., 2001;
Burton et al., 2005; Desai et al., 2002; Laothamatas et al., 2003). Owing to the
lack of specific patterns in differentiating between furious and paralytic
rabies in humans, which might be due to the delay in the timing of
examinations, MR studies in early stages of dog rabies were performed
(Fig. 2; Laothamatas et al., 2008).

In theory, all main imaging techniques, both basic and advanced MR,
should be employed due to its high sensitivity in detecting tissue abnorm-
alities at all levels of peripheral nerves, brachial plexus, spinal cord, and
the brain, especially the brain stem and thalami. Quantitative imaging
techniques such as MD and FA maps can be used for early detection, prior
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FIGURE 1 Single voxel proton MR spectroscopy with short TE. (A and B) MR spectros-
copy of the normal dog brain at the temporal lobe (A) and brain stem (B). (C and D) MR
spectroscopy of a dog with furious rabies at the temporal lobe (C) and the brain stem (D)
demonstrating decreased NAA peak at 2.0 ppm, indicating neuronal loss, mild increased
Cho peak at 3.2 ppm, indicating cell membrane destruction either from neuronal damage
or a demyelinating process. Also seen is increased ml peak at 3.56 ppm, indicating glial
cells/astrocyte damage, and the presence of a Lac peak is observed at 1.3 ppm, indi-

cating anaerobic respiratory cycle of the rabid dog compared to the normal dog spectra.

to stages of disease with obvious structural damage. Nevertheless, MD or
FA map is neither presently available nor reliable without the normative
values of healthy controls. Brain metabolite abnormalities can assist in
diagnosis and follow-up for the progression of the disease.
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FIGURE 2 Coronal fluid attenuated inversion recovery (FLAIR) T2-weighted MR image
of the early paralytic rabies-infected dog demonstrating ill-defined moderate hyper-
signal T2 changes involving the bilateral temporal lobes (short white arrows) and
hypothalamus (long thin white arrow) that spares the bilateral frontal cortices.

A. MRI in human rabies during different stages

1. Prodromal phase

It is difficult to diagnose rabies at this stage based on clinical grounds
alone unless local neuropathic pain involving the bitten limb is experi-
enced. Although there is no clinical evidence of brain or spinal cord
involvement, there has been a report (Laothamatas et al., 2003) of MR
abnormalities in a furious rabies patient demonstrated as enhancing
hypersignal T2 changes along the brachial plexus and associated spinal
nerve roots at the corresponding levels of the bitten extremity (Fig. 3).
Also demonstrated are nonenhancing ill-defined mild hypersignal T2
intensity changes of the spinal cord and temporal lobe cortices and the
hippocampal gyri as well as the cerebral white matter (Fig. 4)
(Laothamatas et al., 2003). Electrophysiologic studies of the nerves and
muscles, done at the same time, showed sensory neuronopathy
and evidence of subclinical anterior horn cell dysfunction (Mitrabhakdi
et al., 2005).

2. Acute neurological phase

MRI in both clinical forms is indistinguishable regardless of virus variants
(dog or bat). A similar pattern, as previously described, in the prodromal
phase, is still seen but with slight progression in space and in degree of
signal intensity along the spinal cord, thalami, hypothalami, white matter,
and temporal lobes. BBB remains intact as long as the patient remains
rousable (Fig. 5). Prominent diffuse hypersignal T2 changes of the cere-
bral white matter were noted in a furious rabies patient who had received
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FIGURE 3 MR images of the brachial plexus of a 50-year-old male with furious rabies
encephalitis during the prodromal phase. Coronal (A) and axial (B) postgadolinium T1-
weighted MR images with fat suppression demonstrating enhancing left brachial plexus
located between the anterior scalene and middle/posterior scalene muscles (white
arrows in A and B). A is reproduced with permission from Laothamatas et al. (2003).

FIGURE 4 MR images of a 50-year-old male with furious rabies during the prodromal
phase. (A) coronal fast spin echo T2-weighted images of the brain demonstrating ill-
defined nonenhancing mild to moderate hypersignal T2 change at the amygdala and
hippocampi (long white arrow) and adjacent temporal cortical gray matter (short white
arrow). (B) axial gradient T2-weighted image of the cervical cord at the C4 level
demonstrating ill-defined moderate hypersignal T2 changes of the cervical cord
involving both central gray and left posterolateral white matter column (short and long
white arrows).

very high dose of intravenous human rabies immune globulin (HRIG;
Hemachudha et al., 2003). An immune-mediated process may have also
contributed to such white matter changes in this case. Prominent cerebral
white matter changes can also be seen in patients with acute disseminated
encephalomyelitis following rabies postexposure prophylaxis with brain
tissue-derived vaccine (Desai et al., 2002).
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3. Comatose phase

Superimposed insults, such as hypoxia and ischemia, complicate the
imaging findings (Burton et al., 2005; Desai et al., 2002). However, the
striking change is BBB leakage that is noted as moderate enhancement
along the hypothalamus, mammillary bodies, thalami, substantia nigra,
tectal plates, brain stem, spinal cord, deep gray nuclei, cranial nerve
nuclei, and optic tracts, and mild enhancement of the cisternal fifth and
sixth cranial nerves (Figs. 6 and 7). Vivid enhancement of the intrathecal

FIGURE 5 MR images of a patient with furious rabies in an acute neurological phase
receiving high-dose intravenous human rabies immune globulin. Coronal (A) and axial (B)
fast spin echo T2-weighted MR images of the frontal and temporal lobes and brain stem
demonstrating extensive moderate ill-defined nonenhancing hypersignal T2 change
involving bilateral hippocampi, temporal lobes, and frontal cortices (short white arrows
in A); frontal subcortical and deep white matter (long thin white arrows in A); and the
brainstem (small black arrows in A and B).

F - -
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FIGURE 6 MR images of a 72-year-old comatose patient with paralytic rabies. Post-
gadolinium axial T1-weighted image of the medulla demonstrating moderate enhancing
olivary nuclei (white arrow) and hypoglossal nerve nuclei (black arrow).
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FIGURE 7 Postgadolinium axial T1-weighted images of a comatose patient with para-
lytic rabies at the brain stem (A, B), midbrain and hypothalamus (C), and mid sagittal view
(D) demonstrating mild enhancement of the right sixth and fifth cranial nerves (white
arrows in A and B) and the optic tracts (small black arrows in C). Moderate enhancement
of the facial colliculi and nuclei of the sixth and seventh, cranial nerves and their tracts
(small black arrows in A), the tectal plates and third cranial nerve nuclei (white arrows in
C and D) and enhancement along the floor of the aqueduct of Sylvius and fourth
ventricle (small black arrows in D) and the medulla (long black arrow in D). Moderate
enhancement of the hypothalamus including the mamillary bodies (long white arrows in
C and D). D is reproduced with permission from Laothamatas et al. (2003).

ventral and dorsal nerve roots could also be demonstrated (Fig. 8; Burton
et al., 2005; Hemachudha et al., 2002; Laothamatas et al., 2003; Pleasure and
Fischbein, 2000).

It should be emphasized that MR images were similar in rabies
patients associated with dog or bat variants in terms of location and
pattern of abnormal signal intensity (Pleasure and Fischbein, 2000;
van Thiel, 2009). Features of MR images in rabies are summarized in
Table I.
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.
-
FIGURE 8 Axial T1-weighted postgadolinium MR images at the C7 level of a 70-year-
old comatose patient with paralytic rabies demonstrating vivid enhancement of bilateral
intrathecal dorsal and ventral nerve roots (white arrows).

B. Dog rabies as a model in studying furious and
paralytic presentations

Sites of lesions in dog rabies at early stages remain similar in furious and
paralytic clinical forms and are not different to those found in humans.
However, diffuse ill-defined hyperintense T2 abnormalities are seen more
frequently in furious dogs than in dogs with paralytic disease. More
pronounced hyperintense T2 signals are noted more frequently in para-
lytic rabies (Laothamatas ef al., 2008). These are in accord with the find-
ings of viral load in the brain and degree of CNS innate immune response
as determined by cytokine mRNA transcripts. A greater viral load and
less CNS immunity are demonstrated in furious rabies (Laothamatas
et al., 2008). There is correlation between the degree of hypersignal T2
abnormality and that of CNS immunity as seen in dogs with paralytic
rabies (Fig. 2).

IV. NEWER NEUROIMAGING TECHNIQUES IN RABIES

Advanced MRI technology for early detection of abnormalities at the
molecular level, DWI and DTI, has greater sensitivity than basic MR in
demonstrating micro- and macrostructural damages (Nucifora et al., 2007;
Thomas et al., 2006). They can be quantifiable and constructed as MD and
FA maps of the brain. When compared with the normal map, these maps
can demonstrate areas of abnormality at the level of statistical significance
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(Fig. 9). The status of BBB can also be assessed by DWI and DTI. BBB is
intact with no evidence of gadolinium enhancement and this is also
confirmed by a finding of decreased MD, indicating neuronal cells

FIGURE 9 In vivo MR imaging of the rabies-infected dogs using quantified voxel-based
group analyses of normal (n = 8) and paralytic (n = 4) and furious (n = 2) dogs at
p < 0.05 (scale from blue to red: blue = lower passing threshold, red = highest passing
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swelling and limited interstitial spaces. MR spectroscopy also demon-
strates the spectra of neuronal damage, glial cell injury, and cell mem-
brane breakdown (Mark, 2006) as shown in a dog with furious rabies
compared to a normal dog (Fig. 1). They can also be used to follow up the
disease condition and progression by comparing between the quantified
MD and FA values and MR spectral ratio.

In the future, molecular imaging of the brain with tissue- or pathogen-
specific labeling such as “rabies virus antibody tagged MR contrast” or
“iron tagged rabies viruses” may help in the study of viral pathogenesis
at an early phase and during the course of the disease and also help in the
design of therapeutic strategies (de Backer et al., 2010; Hoehn et al., 2008;
Long and Bulte, 2009).

V. CONCLUSIONS

Neuroimaging using both basic and advanced MR techniques has been
described in rabies virus-infected humans and dogs and presently should
be considered as important tools not only in rabies but also in other
encephalitides. Preferential sites of CNS involvement are similar in both
clinical forms of human and dog victims. Virus variants, dog or bat, may
not have impact upon the pattern of MR abnormalities. Advanced MR
techniques may offer opportunities to monitor the sites and degree of
micro- and macrostructural changes in the CNS as well as to in vivo
tracking of viral spread and of host immune cells from the circulation
into the CNS parenchyma.

threshold). (A and C) FA voxel-based group analysis map of the paralytic dogs; (B and D)
FA voxel-based group analysis map of the furious dogs; (E) Mean diffusivity (MD) voxel-
based group analysis map of the paralytic dogs; (F) Mean diffusivity (MD) voxel-based
group analysis map of the furious dogs; (G and ) FLAIR signal voxel-based group analysis
map of the paralytic dogs; (H and J) FLAIR signal voxel-based group analysis map of the
furious dogs. Macrostructural or cellular damage (represented by increased FLAIR signals
in G—J) was relatively minimal in rabies virus-infected dog brains. These areas were
mostly confined to the brain stem in dogs with paralytic rabies (G) and to the cerebral
hemispheres in dogs with furious rabies (J). Impaired neural tract integrity with micro-
structural damage (represented by diminished FA) was evident more frequently in the
case of paralytic rabies at the brain stem (A) in comparison to dogs with furious rabies (B)
and more frequently at cerebral hemispheres in furious rabies (J) compared to paralytic
rabies (1). Decreased MD (indicative of cytotoxic edema) was noted more frequently in
dogs with paralytic (E) than with furious (F) rabies. There was no evidence of BBB damage
(or increased MD, not shown). Increased FA, representing faster than normal diffusion of
water along the tracts, was found in the cerebral hemispheres more in dogs with furious
(D) than with paralytic (C) rabies.
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