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Abstract

Data regarding the occurrence of a viremia during rabies virus infections are contradictory. Here, we attempted to clarify the dissimilar results
using a qualitative TagMan PCR assay to detect viral RNA in blood of mice that had been injected intramuscularly with rabies virus. Viral RNA
was detected at two different intervals. Initially, RNA was present in blood of 30/32 (94%) mice, from 1 h to 2 days after injection of virus. The
RNA in the blood at this time most likely resulted from trauma to blood vessels at the injection site and leakage of the inoculated virus into the
circulation. Thereafter, from 3 to 30 days, viral RNA was undetectable in the blood of 37 mice that remained free of clinical disease. However,
and more importantly, viral RNA was detected again in 21/25 (84%) mice that became clinically ill and were exsanguinated 2—4 days after the
onset of paralysis. The presence of viral RNA in blood of the clinically ill mice might have been due to an escape of virus into the bloodstream as
a result of viral replication induced injury in the central nervous system and other tissues. Anti-rabies virus neutralizing antibody wasdetected i
sera of 11/21 (52%) clinically ill mice whose blood was positive for rabies viral RNA. The presence of viral RNA in the bloodstream of mice that
developed clinical rabies suggested that a viremia might occur in rabies-infected mice. Thus, the current opinion that a viremia does not occur i
experimental or natural rabies infections of other species might need to be re-evaluated.
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1. Introduction of the rabbit leucocytes. In contrast, it has been shown that mice
do not develop rabies after an IC injection of undiluted blood
Itis well known that rabies virus is transmitted from the site from mice that are exhibiting symptoms of rabi&o(odina,
of exposure to the central nervous system (CNS) via peripherdl958; Schindler, 1961or after injection with the buffy coat of
nerves Dean et al., 1963; Murphy and Bauer, 1974; Murphy,rats that had been infected with rabies virus 3—120 h previously
1977). It is less clear whether infectious virus is ever presen{Baer et al., 196p
in blood during infection. Nonetheless, several studies support The possibility that virus may be “masked” in the blood, and
the occurrence of a viremia. An early observation by Hertwichthus, undetectable in assays for infectious virus, was initially
showed that dogs with fresh wounds develop rabies after bloodddressed bgribencha and Barinsky (1982)hey determined
from rabid animals is placed into the wounddu(ne, 1970). that a viremia occurs in 100% of mice receiving the immuno-
In addition, rabies virus is occasionally detected in blood ofsuppressant cyclophosphamide prior to an intramuscular (IM)
mice injected with tissues from dead rabid foxéganasiu injection of rabies virus. In contrast, a viremia does not occur
etal., 1970. A viremia has also been reported in rabies-infectedn mice that are not treated with cyclophosphamide. It was pre-
rabbits Baratawidjaja et al., 195The viremia was confirmed sumed that neutralizing antibody present in mice that were not
by detecting immunnofluorescent rabies viral antigens in brainsnmunosuppressed prevents the detection of infectious virus
of mice that developed rabies after intracranial (IC) inoculation(Gribencha and Barinsky, 1982Support for this possibility
has been shown in cortisone-injected animals. Seven days after
injection of virus, an interval in which CNS signs of infection are
* Corresponding author. Tel.: +1 406 363 9360; fax: +1 406 363 9286.  €vident, virus is present in the blood of cortisone treated ham-
E-mail address: djrabid@aol.com (D.L. Lodmell). sters. In contrast, a viremia is not detectable in hamsters that
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are not treated with cortison&ifns et al., 1968 Notably, itis CGGACTCCTGGTTTC; probe, CAGTCAATTCTGATGAC-
known that cortisone injections interfere with neutralizing anti-GAGGACTACTTCTCTGG.
body production in rabbitBurns et al., 1960and rats Ehukeir
and Nosik, 1965that are being immunized with rabies vaccines.2.2. TagMan PCR

Investigations with parabiotic rats having a common blood
circulation, but not a neural connection, have also resulted in TagMan reactions were set-up in 96-well plates containing
disparate results concerning the occurrence of a viremia duBOpl/well of Master Mix (Applied Biosystems, Branchburg,
ing rabies virus infections. In an argument against viremiaNJ); 5wl of RNA (0.1 g/pl) was added to each well. After mix-
Schweinburg (1930and Schindler (1966yeported that only ing and centrifugation, triplicate samples of each mixture were
the parabiotic partner injected with virus develops rabies. Iradded to a 384-well plate. The plates were covered with optical
contrastBecker and Zunker (198&howed that a street rabies adhesive and transferred to an ABI Prism 7900 Sequence Detec-
virus, but not a “fixed” rabies virus, “traveled” via the blood tion System (Applied Biosystems). Each sample was reverse
stream from the infected to the non-infected parabiotic partnetranscribed and PCR amplified using TagMan one-step rtPCR
in 24/26 (92%) pairs of rats. Disparate viremic results have alstMaster Mix in a total reaction volume of 10 (0.167p.g RNA).
been reported in three studies in which the spread of rabies virlReactions were performed using 500 nM of each primer and
was investigated after injection of virus into rear footpads of ani250 nM of the TagMan probe. Triplicate samples of cellular RNA
mals in which portions of the sciatic and saphenous nerve werigom the brain of a rabies-infected mouse (positive control),
removed. Initially, it was determined that rabies virus is usuallycellular RNA from the brain of an uninfected mouse (negative
transmitted via peripheral nerves from the site of exposure to theontrol) and ultra pure nuclease-free water were included with
CNS (Dean et al., 1963 However, it was suggested that blood- each assay. A threshold cycle of <40 was considered positive for
borne transmission is possible, but it is the exception rather thatme presence of rabies viral RNA.
the rule. In a second study, sciatic and saphenous neurectomy
before an intraplantar injection of rabies virus proved 1009@.3. Use of the TagMan PCR assay to detect rabies viral
effective in preventing rabies in rat84er et al., 196p In con-  RNA within total cellular RNA from rabies virus-infected
trast, virus was shown to by-pass severed sciatic and saphenatéd! cultures and brain tissue
nerves reaching the brain through the blood in approximately
20% of rats that had been injected in the footpad with virus Total cellular RNA was isolated from a 10% brain suspension
(Kitselman et al., 196)7 prepared from paralyzed mice injected in the cranium with rabies

Thus, it remains unclear whether a viremia occurs during/irus or mouse neuroblastoma (MNB) cells infected 48 h pre-
rabies virus infections. This investigation did not ask whethewiously with rabies virus at a multiplicity-of-infection-of-one.
rabies virus might invade the CNS from the blood. Instead, weSamples of each preparation were adjusted to contain 1000 ng/
wanted to know whether viral RNA is ever present in blood dur-of cellular RNA and serial 10-fold dilutions through 16of the
ing a rabies infection. The presence of viral RNA would suggesfL000 ng{.l preparation were assayed for rabies viral RNA.
that a viremia (infectious virus) might occur in rabies-infected
mice. If so, the current opinion that virus is most likely not 2.4. Detection of rabies viral RNA and infectious rabies
present in the blood of rabies-affected animals might need toirus in the identical tissue preparation: comparative
be revisited. The ultra-sensitive and specific real-time TagMagensitivity analysis
PCR assay was used to detect viral RNA. The assay has been
used previously to detect rabies viruses, as well as other non- Serial 10-fold dilutions (from % 10° to 2x 10~1 mouse
segmented negative strand RNA virugdaghes etal., 2004In intracranial lethal dosg (ICLDs5g)) were made from a 10%
addition to its sensitivity and specificity, the TagMan assay is nobrain suspension prepared from paralyzed rabies virus-infected
influenced by anti-viral factors in blood, such as complementmice. Six isoflurane anesthetized weanling mice were injected
neutralizing antibody or other non-antibody factoBuirer  1C with 0.03 ml of each brain dilution. The mice were observed
et al., 200) that could mask the presence of infectious virus. for the development of clinical rabies for 30 days after injection

of virus. MNB cell monolayers were overlaid with 0.2 ml of each

2. Materials and methods brain dilution and incubated for 24 h. Thereafter, the monolayers
were stained and observed for rabies specific fluorescent foci.
2.1. Design of TagMan primer and probes Cellular RNA was isolated from the identical brain dilutions and

triplicate 0.03 ml (equivalent to the volume injected IC) samples
TagMan real-time rtPCR primers and probe were designewere evaluated by TagMan PCR for rabies viral RNA.
using Primer Express 2.0 software (Applied Biosystems, Foster
City, CA) based on the sequence of the nucleoprotein gene of 5. Virus injection, exsanguination and isolation of RNA
rabies virus isolated from a bdtgdmell, 1983. The probe was  from blood
labeled with a reporter dye (FAM) on théénd and a quencher
dye (TAMRA) on the 3 end. Primer and probe sequences Mice were injected (0.075ml) in the right anterior tibialis
are listed in the 5-3 orientation and are as follows: forward muscle with a 10% brain suspension prepared from rabies virus-
primer, TGTGGCCTTGGCAGATGAC; reverse primer, CCTC- infected paralyzed mice (¢ 10? mouse intramuscular lethal
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doseg infectious units of virus). Preliminary experiments deter-Table 1

mined that 70% of mice developed clinical rabies 10-16 daygaqMan PCR endpoint detection of rabies viral RNA within total cellular RNA
after an i.m. injection with this concentration of virus. Animals of rabies virus-infected cell cultures and brains of rabies-affected®mice
were isoflurane anesthetized and exsanguinated (an averageCsflular RNA concentration (ng) Source of viral RNA

0.7-1.0 mI/mouse)_ from severed axillary arteries or directly Cell culture Brain tissue
from the heart using a needle (25gauge,”’l/and 1.0 ml

syringe. Clinically ill mice were exsanguinated 2—4 days aftert Ib :
onset of clinical signs of infection; 50 of the harvested blood + +
was removed for detection of serum neutralizing antibody. Thao-! + +
remaining blood, including the clot, was then added directlyl02 + +
to 4ml of TRIzol reagent (Life Technologies Inc., Gaithers- 1“? + +
burg, MD). Total cellular RNA was extracted according to thei?rr5 ic i
manufactures’ instructions and suspended inj2Qff ultrapure 156 _ nd
water (Gibco, Invitrogen Corporation, Grand island, NY)330 107 - nt

of 2 M sodium acetate was added to the RNA followed by pDO0  —; Collular RNA isotated from brains of Nvzed mice niected with
% ethvl alcohol £20°C). Th ot tored at Cellular was isolated from brains of paralyzed mice injected wit

of 100% eF yl alcohol £ )- ~he mixtures were stored al rapjes virus or MNB cells infected 48 h previously with rabies virus. Ten-fold

—70°C until prepared for analysis. Triplicate samples, each condilutions of the cellular RNA containing 280 10-7 ng/0.03 ml were prepared

taining 0.167.g of cellular RNA, were analyzed for rabies viral and analyzed for rabies viral RNA.
RNA. b (+) Positive for rabies viral RNA (<40 threshold cycles).
¢ (—) Negative for rabies viral RNA (>40 threshold cycles).

) 94 Not tested.
2.6. Mice

Female Balb/cByJ mice, 16—20 weeks of age, were purchasetitive (Table 3. Importantly, the last dilution tested @10—1_
from the Jackson Laboratory (Bar Harbor, ME). The animalMouse ICLI3o), which should not have contained rabies virus,
facilities and animal care and use programs of the RML are fullyVas negative for both infectious virus (6/6 survivors) and rabies
accredited by the Association for Assessment and Accreditatioiral RNA (>40 threshold cyclesjTable 3.
of Laboratory Care International and they function in accordance 1 Ne firsttwo experiments determined that the TagMan assay
with all United states Department of Health and Human Service@S Very sensitive in detecting viral RNA within ng concen-

and National Institutes of Health regulations and standards. trations of total cellular RNA. Lastly, we determined using the
TagMan assay whether viral RNA was present in blood of rabies

2.7. Neutralizing antibody assay virus-injected mice. Viral RNA was detected in the blood of

30/32 (94%) healthy mice in the early intervals (from 1 h to 2
Rabies virus neutralizing antibody titers were determined ag2ys) after injection of virusTable 3. Greater levels of viral

previously describedSmith et al., 197Bas modified Lodmell RNA were present on the first day (threshold cycles of <35), as

etal., 1998. Reciprocal dilutions of individual sera that reduced

the number of fluorescent foci 50% were noted. Positive control3able 2

included anti-sera with known concentrations of InternationalPétection of rabies viral RNA and infectious rabies virus in the identical tissue

Units (1U) of rabies virus neutralizing antibody: a rabies hyper-Preparation: a quantification comparison

immune mouse serum pool and the United States Standartbncentration of virus Assays

Human Rabies Immunoglobulin R2. injected MICLDs" FFUS IV (+)d TagMarf

2x 10° TMTC' 6/6 +

3. Results 2x10° TMTC 6/6 +

- . - 2x10* TMTC 6/6 +

Initial experiments were done to compare the capability of the x 103 TMTC 6/6 +

TagMan PCR assay to detect rabies viral RNA in total cellular x 10° 159 6/6 +

RNA from rabies virus-infected cell cultures or brain tissue of2* 18; (1)1 ‘25//2 N

X

rabies-infected mice. The assay was highly sensitive. The enti—>< 101
point for detection of viral RNA in both brain and cell culture

preparations was in the I@ng concentration of cellular RNA a Ten-fold dilutions of a 10% brain suspension from paralyzed rabies virus-
(Table ]) infected mice were prepared. Six mice were injected IC (0.03 ml) with each

L i i . dilution. MNB cell monolayers were incubated 24 h with 0.2 ml of each dilution
Next, we compared the sensitivity to detect infectious Virusang fluorescent focus-forming units were determined. Cellular RNA from the
using IC inoculation of weanling mice or production of viral foci identical dilutions was isolated and 0.03 ml (equivalent to the volume injected
in cell culture with the sensitivity of the TagMan assay to detectC) was evaluated for rabies viral RNA by TagMan PCR.
viral RNA. The sensitivities of the TagMan assay and IC inocu- . Mouse ICLD;/0.03 ml.

lation of weanling mice were identical having positive endpoints ; Fluorescent focus units/0.2 ml.
9 gp p d Infectious virus detected (dead/total number of mice injected).

in the preparati_on Con_t‘flini_ng two mouse ICidDf virus. The e TagMan assay: (+) <40 threshold cycles) &40 threshold cycles.
production of viral foci in tissue culture was 10-fold less sen- f Too many to count.

0 0/6 -
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Table 3 rabies virus infections. In this case, viral RNA was detected in
TagMan PCR detection of rabies viral RNA in blood of mice injected IM with 21 /o5 (84%) mice that had developed clinical signs of rabies and
rabies virus were exsanguinated 2—4 days after onset of paralysis. To address
Time after injection ~ Rabies-affectéti TagMan  +/Totaltestéd%)  the possibility that a virus-infected severed nerve(s) might have

of virus “contaminated” blood collected from the severed brachial arter-
1h No 6/7 ies, blood was also taken directly from the heart. Using either
3h No 4l5 method of exsanguination, the blood of >80% of the clinicallyill
6h No 4/4 mice was positive for viral RNA. The RNA present in the blood
12h No 4/4 30/32 (94) fthe clinically ill mi iaht have b terminal ifest
16h No 4/ of the clinically ill mice might have been a terminal manifesta-
1 days No 4/4 tion of cell destruction in the CNS and other tissues associated
2 days No 4/4 with viral replication that resulted in escape of degraded viral
3 days No 0/10 particles or pqs;ibly virps, into the bloodstream. Detectable lev-
5 days No 0/10 0/37 (0) els of neutralizing antibody were also present in the sera of
8 days No 0/10 11/21 (52%) clinically ill mice whose blood was positive for
15-30 days No or7 viral RNA. The presence of neutralizing antibody suggests an
11 days Yes 1/2 explanation for the negative results of previous viremia studies
13 days Yes 8/9 21/25 (84) in which in vitro and in vivo assays were used to detect infec-
14 days Yes 9/10

tious virus. Other anti-viral factor8(rrer et al., 200Lmight
also have masked the “scoring” for infectious virus.
@ Mice were injected with rabies virus in the right tibialis muscle (0.075ml, It is generally accepted that a viremia does not occur during

107 mouse IMLD;g). At pre-determined intervals after virus injection, clinically rabies virus infections. This belief persists and is re-inforced by
healthy mice were exsanguinated directly from the heart with needle and syrin

or by severing the right axillary artery. Clinically ill mice were similarly treated gﬁequen_t ref_erences to previous I,mperfe,Ct St_UdIe,S’ Wh,ICh show
being exsanguinated at 2—4 days after onset of paralysis. Prior to clottipg, 50 that a viremia dqes not.occur during rabies virus mfeonns. For
of blood was removed from each sample and the sera tested for neutralizilgxample, in areview article, several papers are cited in whichiitis
antibody. All remaining blood including the clot was analyzed for rabies viral stated that a viremia does not occur during rabies virus infections
RNA. (Helmick et al., 198Y. Careful examination of the cited refer-

b
¢ (N:{:r;rll(i)ae“ryolpnr:f:'positive for rabies viral RNA/total number of mice tested ?nce,s re,veals_ that _conc!usmns were dra_‘W” from experiments
(<40 threshold cycles). in which infectious virus, if present, most likely would not have
been detected. For instance, whole blood (apparently mixed with
a non-clotting factor) was obtained from rabies-infected individ-
compared to the second day (threshold cycles of >35). Thergy s either 8 h before death or at autopsy 24 h after death and then
after, 3-30 days after injection of virus, viral RNA was not jqcjated IC into micel(each and Johnson, 1940 virus had
detected in the blood of 37 mice that remained clinically nor-een presentin the blood, it might have been neutralized by anti-

malo. In contrast, viral RNA was detected in the blood of 21/25;,,y inactivated by the time of the autopsy or inactivated by the
(84%) mice that had developed clinical signs of rabies 11-16i_coagulant. In two additional studies, blood was allowed to

days after injection of virus and were exsanguinated 2—4 day§t and only the serum was inoculated IC into mice. Neither
after the onset of paralysisgble 3. Neutralizing antibody was  \yhole blood nor blood clots were tested for infectious virus and
detected in the serum of 11/21 (52%) clinically ill mice whose e sera were not tested for neutralizing antibdgyfty et al.

blood also was positive for viral RNA. 1947; Duenas et al., 19y.3An additional study reporting an
absence of a viremia in rabies virus-infected animals was done
4. Discussion in rats Baer et al., 1966 4 ml of blood was drawn by cardiac
puncture 3—120 h (5 days) after virus challenge, mixed with 8 mg
We have shown that the TagMan PCR assay was highly effe@f heparin and allowed to stand at@ for 2 h before the buffy
tive in detecting rabies viral RNA in blood of mice injected coat was inoculated IC into mice. It is not mentioned whether
i.m. with rabies virus. Viral RNA was detected at two differ- control tests were done to determine the affect of heparin on
ent intervals. The first occurred 1 h to 2 days after injection ofrabies virus infectivity or whether the buffy coat from clinically
virus. Thereafter, RNA was not detected in blood of mice thaill animals was tested. And, incredulously, assays to detect a
remained free of clinical disease. Itis possible that RNA presentiremia were not done in two studies supporting the tenet that
in the blood at the early intervals was due to the volume ofa viremia does not occur during rabies virus infectidBsrhez
fluid (0.075 ml) that was injected into the muscle. The injec-et al., 1965; Warrell et al., 1976
tion caused injury to blood vessels with subsequent leakage of A more recent study testing for rabies virus RNA in blood
virus into the circulation Baer et al., 196p Thus, the early determined that viremia does not occur in rabies-infected dogs
presence of viral RNA appeared to be an artifact resulting fron{Sitprija et al., 2008 Blood from four naturally infected dogs
physical trauma and was not associated with the natural courseas harvested at the time of death. One-tenth milliliter of blood
of a murine rabies virus infection. In contrast and more impor{from each dog was examined for rabies viral RNA using the RT-
tantly, the second interval in which viral RNA was detected in thePCR assay and a sample of blood was assayed for infectious virus
blood appeared to be associated with the pathogenesis of muriirecell culture. Infectious virus was notisolated, but sera were not

16 days Yes 3/4
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tested for neutralizing antibody. In addition, rabies viral RNA  Immunoglobulin G (IgG) and IgA, but also nonantibody factors, account
was not detected. Considering that the blood volume of a dog is for in vitro neutralization of human immunodeficiency virus (HIV) type 1
6% of the total Weight ofa dog and assuming the dogs Weighed primary isolates by serum and plasma of HIV-infected patients. J. Virol.
15kg, the 0.1 ml of blood assayed was equivalent to 0.1% of, 75, 542175424, : .
! ) - ’ ean, D.J., Evans, W.M., McClure, R.C., 1963. Pathogenesis of rabies. Bull.

the total blood volume of a dog. We are uncertain whether the wno 29, 803-811.
RT-PCR assay using 0.1% of the total blood volume of a do@uenas, A., Belsey, M.A., Escobar, J., Medina, P., Sanmartin, D., 1973.
is a fair test to detect a viremia. However, we do know that the Isolation of rabies virus outside the human central nervous system. J.
TagMan assay used in this study was highly sensitive detecting Infect. Dis. 127, 702-704. ,

bi iral RNA in 16 f total cellular RNA uffy, C.E., Woolley Jr., P.V., Nolting, W.S., 1947. Rabies: a case report
rabies vira ) In ng orto a_ cellular o with notes on the isolation of the virus from saliva. J. Pediatr. 31, 440—

In conclusion, we have determined that rabies viral RNAwas 447
present in the blood of >80% of clinically ill rabies-infected Gomez, M.R., Siekert, R.G., Herrmann, E.C., 1965. A human case of skunk
mice. We do not know, however, whether a different rabies virus rabies: a case report with comment on virological studies and the pro-
in a different model would have resulted in similar results. We _ Phylactic treatment. JAMA 194, 333-335.

Isod tk hether the viral RNA isolated f inf Gribencha, S.V., Barinsky, I.F., 1982. Viraemia in rabies. Acta Virol. 26, 301.
‘?SO 9”0 howwhetherihe vira _WaS |so_a ediromin eC'Helmick, C.G., Tauxe, R.V,, Vernon, A.A., 1987. Is there a risk to contacts
tious virus. The state.of the RNA not withstanding, the Presence  of patients with rabies? Rev. Infect. Dis. 9, 511-518.
of rabies viral RNA in the blood suggested that there mightHughes, G.J., Smith, J.S., Hanlon, C.A., Rupprecht, C.E., 2004. Evaluation of
be a risk of virus transmission after exposure to the blood of & TagMan PCR assay to detect rabies virus RNA: influence of sequence
animals presenting with clinical rabies. In contrast, the risk of ‘I;iagl'at"é” ;"gg ggg"ca“o” to quantification of viral loads. J. Clin. Micro-
tran_smlss_lon would appear to be_ mlnlmal if a_nlmf_;lls were no‘(itselman, C.H., et al., 1967. Pathogenesis of rabies in the rat. Can. J. Comp.
clinically ill. Lastly, the current opinion that a viremia does not  eq. 31, 122-124.
occur during experimental or natural rabies virus infections of_each, C.N., Johnson, H.N., 1940. Human rabies, with special reference to

other Species m|ght need to be re-evaluated. virus distribution and titer. Am. J. Trop. Med. 20, 335-340.
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