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The aim of this study was to determine the susceptibility of insectivorous bats (using the big

brown bat as a model) to infection with European bat lyssavirus type 1a (EBLV-1a), to assess the

dynamics of host immune responses and to evaluate the opportunity for horizontal viral

transmission within colonies. Two isolates of EBLV-1a, originating from Slovakia (EBLV-1aSK)

and Germany (EBLV-1aGE), were tested. Four different routes of inoculation were used with

isolate EBLV-1aSK [104.8 mouse intracerebral median lethal dose (MICLD50) in 50 ml]:

intramuscular (i.m.) in the deltoid area or masseter region, per os (p.o.) and intradermal (i.d.)

scratches. Isolate EBLV-1aGE (103.2 and 102.2 MICLD50 in 20 ml) was inoculated via the

intranasal (i.n.), i.m. (low- and high-dose groups, into pectoral muscles); p.o. and intracerebral

(i.c.) routes. None of the bats infected by the i.n., p.o. or i.d. route with either virus isolate

developed disease during the experiments (91 or 120 days, respectively). Incubation periods

were 9–12 days for i.c.-inoculated bats (66 % mortality), 12–33 days for bats inoculated i.m. with

the higher dose (23–50 % mortality) and 21–58 days in bats inoculated i.m. with the lower dose

of virus (57 % mortality). Virus or viral RNA in bat saliva was detected occasionally, as early as

37 days before death. All i.d.-inoculated and the majority of i.m.-inoculated bats seroconverted

within 7–10 days of inoculation. These observations suggest that exposure of bats to varying

doses of EBLV-1 from rabid conspecifics via natural (i.d.) routes could lead to an abortive

infection and serve as a natural mode of immunization resulting in the presence of virus-

neutralizing antibodies in free-ranging bats.

INTRODUCTION

Of the seven viral species belonging to the genus Lyssavirus
and four putative newly isolated species, all except Mokola
virus have reservoirs in bats. The European bat lyssaviruses
are maintained by specific bat hosts with occasional
spillover to other mammalian species. The importance of
bats as rabies reservoirs and their public health significance
have been reinforced by reports from the USA where rabies
virus (RABV) variants (genotype 1) harboured by bat
species, particularly Lasionycteris noctivagans, Pipistrellus
subflavus, Tadarida brasiliensis and Eptesicus fuscus, have
been responsible for most human rabies cases in the last 50
years (Messenger et al., 2002, 2003).

In Europe, epizootiological studies have revealed that at
least two distinct genotypes belonging to the genus
Lyssavirus circulate in bat populations: European bat
lyssavirus type 1 (EBLV-1, genotype 5) and European bat
lyssavirus type 2 (EBLV-2, genotype 6). Both genotypes are
further divided into ‘a’ and ‘b’ sublineages based on their
phylogenetic relationships (Bourhy et al., 1992; Amengual
et al., 1997).

According to EUROBATS, an organization dedicated to
the conservation of European bat populations, 45 species of
bat are geographically distributed throughout Europe
(Eurobats, 2004). So far, EBLV-1 has been found
predominantly in specific association with the serotine
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bat (Eptesicus serotinus), although it has also been reported
in Nyctalus noctula, Vespertilio murinus, Myotis myotis,
Myotis dasycneme, Myotis daubentonii, Pipistrellus pipis-
trellus, Pipistrellus nathusii, Myotis nattereri, Rhinolophus
ferrumequinum and Miniopterus schreibersii (Selimov et al.,
1991; Schneider & Cox, 1994; Serra-Cobo et al., 2002; Van
der Poel et al., 2005; Kuzmin & Rupprecht, 2007). EBLV-2
has been reported less frequently, appears to be associated
more commonly with Myotis species (M. daubentonii and
M. dasycneme) and is isolated predominantly from bats in
The Netherlands, the UK and Switzerland (Fooks et al.,
2003a; King et al., 2004; Harris et al., 2006).

The first report of bat rabies in Europe was in 1954 (Mohr,
1957). Fourteen cases of bat rabies were reported
throughout Europe from 1954 to 1984 (Kappeler, 1989;
Baer & Smith, 1991; Schneider & Cox, 1994; King et al.,
2004). The first documented human rabies case associated
with European bats was reported in 1977 (not laboratory
confirmed) and led to additional epizootiological investi-
gations. Between 1977 and 2006, a total of 826 cases of bat
rabies were detected in Europe and reported to the World
Health Organization Collaborating Centre for Rabies
Surveillance and Research at the Friedrich-Loeffler-
Institute, Germany. This figure, however, is still a
conservative estimate as not all European countries
conduct surveillance for bat rabies and sampling bias is
common (Harris et al., 2006). By comparison, in the USA,
1408 rabid bats were reported in 2005 alone (Blanton et al.,
2006). In Europe, most rabid bats were reported from The
Netherlands, Denmark, Germany and Poland, accounting
for more than 90 % of all rabid bats recorded for this
period (Müller et al., 2007; Vos et al., 2007). Bat rabies was
also reported from France, Spain, Switzerland, Great
Britain, the Czech Republic, Slovakia, Hungary, Ukraine
and Russia (Ondrejkova et al., 2004; Müller et al., 2007).

Three laboratory-confirmed human rabies cases associated
with EBLV-1 (Belgorod, Russia, 1985) or EBLV-2
(Helsinki, Finland, 1985; Dundee, Scotland, 2002) have
been reported in Europe to date (Lumio et al., 1986;
Selimov et al., 1986, 1989; Roine et al., 1988; Fooks et al.,
2003a, b). Two additional human rabies cases, assumed to
be associated with EBLV based on clinical symptoms and
known bat exposure, were reported but not laboratory
confirmed (Voroshilovgrad, currently Lugansk, Ukraine,
1977; Molodogvardeysk, Ukraine, 2002) (Scherbak, 1982,
1984; King et al., 2004; Botvinkin et al., 2005).

Only rare spillover events of EBLV to terrestrial mammals
(sheep and stone marten) have been reported (Bourhy et
al., 1992; Stougaard & Ammendrup, 1998; Rønsholt, 2002;
Müller et al., 2004). Rarely, antibodies to EBLV-1 have
been detected in domestic animals: two cats in Denmark
(out of 152 tested) (Tjørnehøj et al., 2004) and one sheep
in Denmark (out of 2179 tested) (Tjørnehøj et al., 2006).
Conversely, a high seroprevalence of EBLV-neutralizing
antibodies within bat populations (up to 60 % in Eptesicus
serotinus, Myotis myotis, Myotis nattereri, Miniopterus

schreibersii, Tadarida teniotis and Rhinolophus ferrumequi-
num) observed over many years suggests permanent
circulation of EBLV (Grauballe et al., 1987; Echevarrı́a et
al., 2001; Serra-Cobo et al., 2002; Amengual et al., 2007).

All European bat species are protected by European Union
regulations or by national legislation (EU Directives 92/43
and 97/62) (Harris et al., 2006; Lina & Hutson, 2006). As a
result, experimental infections of EBLV in natural
indigenous hosts, such as Eptesicus or Myotis species,
have not been studied rigorously. Kuzmin et al. (1994)
studied the influence of hibernation on duration of the
incubation period and virus distribution in P. pipistrellus
infected with EBLV. Botvinkin et al. (1992) studied the
susceptibility of Myotis daubentoni and Myotis brandtii to
infection with RABV and EBLV. Limited experimental
studies of EBLV pathogenesis have been conducted in
non-reservoir species, such as Egyptian flying foxes (Van
der Poel et al., 2000), ferrets (Vos et al., 2004a), red foxes
(Baltazar et al., 1988; Vos et al., 2004b; Picard-Meyer et al.,
2008), dogs, mice and cats (Fekadu et al., 1988) and sheep
(Baltazar et al., 1988; Tjørnehøj et al., 2006; Brookes et al.,
2007).

The aim of this study was to investigate an insectivorous
bat model for EBLV infection, to determine the suscept-
ibility of the North American big brown bat (E. fuscus) to
EBLV-1a via different routes of infection, to study the
dynamics of host immune responses and virus excretion,
and to evaluate the opportunity for intraspecific virus
transmission. E. fuscus was selected as a model because of
the close phylogenetic relationship and ecological similar-
ities to E. serotinus, the natural reservoir of EBLV-1 in
Europe.

METHODS

Virus. Two EBLV-1 isolates were selected for experimental infection
of big brown bats. The first was isolated from the brain of a naturally
infected serotine bat (E. serotinus), collected in the eastern part of
Slovakia in Prešov in 1998 (EBLV-1aSK, GenBank accession nos
AY863382, AY863323, AY863295 and AY863257; Ondrejkova et al.,
2004; Davis et al., 2005). The second virus was isolated from a
serotine bat in Osnabrück, Germany, in 1997 (EBLV-1aGE)
(GenBank accession nos DQ522860 and DQ522892; Müller et al.,
2007). These isolates were selected because of their availability at
relatively high titre after a limited number of passages in laboratories
participating in this study and because of the availability of sequence
information for both isolates. Each virus was used after the fourth or
third intracerebral (i.c.) mouse brain passage in BALB/c and ORF1
mice, respectively. Mouse brain suspensions (20 %) were prepared in
minimal essential medium (MEM-10; Gibco) supplemented with
10 % fetal calf serum and clarified by centrifugation at 3200 g for
10 min. Aliquots of the supernatant were frozen and used for bat
inoculations and titration in mice.

Animals. Sixty-six adult big brown bats (E. fuscus) of both sexes were
captured from two roosts in Georgia, USA. Animals were housed in
autoclavable cages and fed ad libitum with mealworms and water. All
animal-handling and experimental procedures were undertaken in
compliance with Centers for Disease Control and Prevention (CDC)
Institutional Animal Care and Use Committee (IACUC) guidelines
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and German Animal Welfare guidelines with the recommendations of

GV-SOLAS (Society for Laboratory Animal Science). Ethical approval
was obtained for each study before experiments began (IACUC CDC,

USA; Federal State of Saxony-Anhalt, Germany; Veterinary

Laboratories Agency Local Ethical Committee; UK).

Bats were quarantined for at least 1 month before inoculation. The

titre of virus-neutralizing antibody (VNA) was measured against
EBLV-1 before the experiments began to assess pre-existing VNA

titres and previous exposure to lyssavirus. Two bats that had

measurable titres of VNA against EBLV-1 were used for the
experiment with the EBLV-1aSK isolate. For identification, animals

were individually marked with ear tags (Experiment 1) or a microchip

(Experiment 2) inserted subcutaneously.

Two experimental studies were undertaken in parallel in the CDC

laboratory (Atlanta, USA: Experiment 1) and in the IDT Biologika
laboratory (Dessau-Roßlau, Germany; Experiment 2) to assess two

different EBLV-1 isolates from geographically distinct locations in

Europe.

Experiment 1. Four routes of inoculation were used with EBLV-

1aSK. An inoculum of 104.8 mouse i.c. median lethal dose (MICLD50)

in 50 ml was injected intramuscularly (i.m.) into the deltoid area or
the masseter region, inoculated intradermally (i.d.)/subdermally (s.d.)

by scratching with a 31-gauge needle on the leading edge of each wing

or applied per os (p.o.) by direct oral administration using a syringe.
Four animals in each group were inoculated and two or three others

were left uninfected as controls for transmission in each cage.

Experiment 2. Four routes of inoculation were used with EBLV-
1aGE. A dose of 103.2 MICLD50 in 20 ml was applied i.m. into the

pectoral muscle or intranasally (i.n.) into one nostril or i.c. into the

left side of the brain and p.o. by direct oral administration. For i.n.
and i.c. inoculation, animals were sedated using inhalation of ether.

Additionally, one group of bats (negative control) was infected i.m.

with a placebo (10 % mouse brain homogenate in PBS) and another
group i.m. with a lower diluted dose of 102.2 MICLD50 in 20 ml into

the pectoral muscle. The negative-control group was inoculated first,

with virus challenge groups inoculated sequentially to avoid cross-
contamination. Each bat was identified by microchip and its number

recorded before inoculation.

Observation. In both experiments, bats were observed daily and any
signs of disease were recorded (loss of coordination, inability to fly,

vocalization, seizures or aggression). Animals with severe disease signs

and those surviving to the end of the study period were euthanized by
injection of 50 ml Ketaset III (Fort Dodge Animal Health). A final

blood sample was taken by cardiac puncture and tissue samples,

including brain, submandibular and parotid salivary glands, brown
fat, tongue, trachea, heart, lung, kidney, liver, spleen and bladder, as

well as pectoral muscle and thyroid, were collected during necropsy

and stored at 280 uC.

Sampling. Animals were observed for 120 days in Experiment 1 and

91 days in Experiment 2. Each bat was bled before inoculation (day 0)

to determine baseline VNA titres and at 2-week (Experiment 1) or 3-
week intervals (Experiment 2) until completion of the study. Blood

(10–100 ml) was collected from the brachial artery or vein at the distal

epiphysis of the humerus, the uropatagial veins or via intracardiac
routes (terminal bleeding after euthanasia; Kunz & Nagy, 1988) with

heparinized microcapillary tubes. An anti-bleeding product (Kwik-

Stop; ARC Laboratories) was applied to the puncture site. Blood was
centrifuged at 5000 g for 20 min and the serum was separated, heat-

inactivated at 56 uC for 30 min and stored at 280 uC.

Oral swabs were taken weekly for the first 2 months post-inoculation
(p.i.) and every 2 weeks for the remainder of the experiments. Swabs

were collected daily when the animal started to show clinical signs of

rabies. In Experiment 1, two swabs were collected at each time point

using sterile cotton-tipped swabs, previously moistened in MEM-10.

One swab was placed directly into 1 ml MEM-10 for virus isolation,

the second swab was placed into a tube containing 1 ml TRIzol

reagent (Gibco) for RNA extraction and both were then placed

immediately on dry ice and stored at 280 uC. For Experiment 2, one

swab was collected at each time point using a sterile dry cotton-tipped

swab. Swabs were placed into 0.4 ml MEM-10 for virus isolation and

RNA extraction; RNA was extracted from 0.2 ml MEM-10 using a

commercially available RNA extraction kit (Invitrogen) and the

remainder was used for virus isolation.

Laboratory tests.

Virus detection. Antigen was detected in brain samples using a direct

fluorescent antibody (DFA) test following a published method (Dean

et al., 1996) using either a fluorescein isothiocyanate (FITC)-

conjugated anti-RABV monoclonal antibody (Fujirebio Diagnostics)

or an FITC-conjugated polyclonal antibody (SIFIN). Virus isolation

was undertaken using a rabies tissue-culture infection test as

described previously (Webster & Casey, 1996).

RT-PCR, hemi-nested RT-PCR and quantitative real-time PCR.
In Experiment 1, RT-PCR and hemi-nested RT-PCR were performed

as described previously (Kuzmin et al., 2008) with the following

modifications. Reverse transcription was carried out using forward

primer N1001fw (59-CAGAGTTGTGCACCCCATGAA-39, nt 1061–

1081, all primer positions are according to the Pasteur virus genome,

GenBank accession number M13215) for 90 min at 42 uC.

Additionally, reverse primer 304rv (39-TTGACAAAGATCTTGC

TCAT-59, nt 1517–1536) for primary RT-PCR and forward primer

1066fw (59-GAGAGAAGATTCTTCAGGGA-39, nt 1136–1155) and

reverse primer 304rv for hemi-nested RT-PCR were used.

In Experiment 2, three different RT-PCR tests were used for the

detection of viral RNA: a single-round PCR assay (Vos et al., 2004a), a

nested PCR assay (Heaton et al., 1997) and a quantitative real-time

PCR (Wakeley et al., 2005). Amplicons were sequenced using

standard protocols to confirm virus identity.

Modified rapid fluorescent focus inhibition test. A modified

rapid fluorescent focus inhibition test was used to measure VNA titre

as described elsewhere (Smith et al., 1973) using EBLV-1 as the

challenge virus. For Experiment 1, a reduced volume of serum was

used (1.3 ml) as described previously by Kuzmin et al. (2008) with

fivefold serum dilutions from 1 : 25 to 1 : 3125. For Experiment 2, the

test was undertaken using modifications as described by Cox &

Schneider (1976). Samples were tested in duplicate with twofold

serum dilutions starting at 1 : 10.

RESULTS

Experiment 1

All animals infected with EBLV-1aSK via the i.m. route
into the deltoid area developed VNA (Table 1, Fig. 1). Two
of the animals died of rabies at 18 and 21 days p.i. (M54,
M56; 50 % mortality). Both bats from the group that had
demonstrable pre-existing VNA to EBLV-1 on day 0 (M82
and F83) survived a lethal EBLV-1 challenge (Table 1). One
(M82) died on day 110 p.i., but EBLV was not detected in
the brain or other tissues and this observation was
therefore considered a non-specific death.
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All four bats inoculated with EBLV-1 into the masseter
muscle developed VNA by day 7 p.i., with a gradual decrease
in titre towards the end of the experiment (Table 1, Fig. 1b).
One animal (F69) succumbed to the lethal EBLV challenge
on day 18 p.i. despite a VNA titre of 1 : 3125. In all three
animals that succumbed to disease (M54 and M56 from the
i.m. deltoid area group and F69 from the i.m. masseter
group), viral RNA was detected in several organs, including
the salivary glands (see Table 3). Viral RNA was detected
intermittently in saliva 1 or 2 days prior to observation of
clinical signs. In one case (M54), viral RNA was detected in
the saliva 8 days before clinical signs of illness were recorded.
Virus was not isolated in cell culture from any of the samples
tested (swabs and salivary glands; Table 3).

All bats administered virus p.o. survived infection and
none developed detectable levels of VNA. Similarly, no

viral RNA or viral antigen was detected in any of the
collected organs or in saliva samples (Table 1).

All four bats inoculated via the i.d./s.d. route (via scratches
on the leading edge of each wing) remained well and
developed high titres of VNA at day 14 p.i., with a rapid
decrease towards the end of the experiment, starting on day
28 p.i. (Table 1, Fig. 1c). No viral RNA or virus was
detected in the saliva or organs of these animals.

Neither the transmission controls nor the p.o.-infected
animals developed VNA (Table 1). No significant patterns
of virus distribution in different organs were observed
(Table 3). In those bats that developed disease, extensive
virus distribution was observed in peripheral tissues.
EBLV-1 RNA, but not live virus, was detected in the
salivary glands of all three rabid animals infected by the
i.m. route (Table 3).

Table 1. Experiment 1: routes of inoculation, dynamics of antibody response, detection of virus or viral RNA in saliva and mortality of
bats after EBLV-1aSK infection

All bats were inoculated with EBLV1a-SK (104.8 MICLD50 in 50 ml).

Route of

inoculation

Mortality from

inoculated animals

Sex/bat ID Outcome/day of death

or euthanasia p.i.

Titre of VNA at days p.i.: Detection of

virus or viral

RNA in saliva0 7 14 28 120

i.m. (deltoid area) 2/4 (50 %) M54 Died day 21 ,25 ,25 1800 Dead Dead Positive (14 and

21 days p.i.)*

M56 Died day 18 ,25 ,25 60 Dead Dead Positive (18 days

p.i.)*

M82 Died day 110D 170 2200 3125 3125 Dead Negative

F83 Survived 19 33 70 60 ,25 Negative

F90d Survived ,25 ,25 ,25 ,25 ,25 Negative

F91d Survived ,25 ,25 ,25 ,25 ,25 Negative

i.m. (masseter

region)

1/4 (25 %) F59 Survived ,25 360 1500 340 75 Negative

F65 Survived ,25 125 1600 480 480 Negative

F60 Survived ,25 1800 3125 2200 1800 Negative

F69 Died day 18 ,25 110 3125 Dead Dead Negative

F71d Survived ,25 ,25 ,25 ,25 ,25 Negative

F79d Survived ,25 ,25 ,25 ,25 ,25 Negative

i.d./s.d. (scratch) 0/4 (0 %) F84 Survived ,25 ,25 320 625 ,25 Negative

F74 Survived ,25 ,25 800 95 50 Negative

F89 Survived ,25 ,25 1800 65 60 Negative

F61R Survived ,25 ,25 3125 800 360 Negative

F69Rd Survived ,25 ,25 ,25 ,25 ,25 Negative

M62d Survived ,25 ,25 ,25 ,25 ,25 Negative

F73d Survived ,25 ,25 ,25 ,25 ,25 Negative

p.o. 0/4 (0 %) F77 Survived ,25 ,25 ,25 ,25 ,25 Negative

M81 Survived ,25 ,25 ,25 ,25 ,25 Negative

F96 Survived ,25 ,25 ,25 ,25 ,25 Negative

M97 Survived ,25 ,25 ,25 ,25 ,25 Negative

F98d Survived ,25 ,25 ,25 ,25 ,25 Negative

F99d Survived ,25 ,25 ,25 ,25 ,25 Negative

*Detection of viral RNA by RT-PCR or real-time PCR.

DNon-specific death.

dUninfected controls.
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Experiment 2

None of the bats infected with EBLV-1aGE by either the
i.n. or p.o. route succumbed to disease and none
seroconverted during the course of the experiment
(91 days). Of the seven bats infected i.c., one died
immediately after i.c. inoculation (F61227) and four (4/6:
66.67 % mortality) died of EBLV-1 infection 9–11 days p.i.,
even though three of these animals (M63330, F62293 and
F63955) developed VNA. Neither of the two surviving
animals seroconverted (Table 2). For two animals (F62293
and F62793), virus antigen was detected in the brain and
spinal cord but no other organ (data not shown). In two
other animals from the i.c. group subjected to PCR, viral
RNA was distributed widely in one case (M63330) in the
brain, pectoral muscle, thyroid, lung, heart, spleen, kidney

and bladder, whereas in a second case (F63955), viral RNA
was limited to the brain and kidney (Table 3). Although no
viral RNA was detected in the salivary gland of any animal
inoculated by the i.c. route at the time of necropsy, virus
was detected in the saliva of one animal (F62793), both by
virus isolation and by RT-PCR, 2 days prior to death
(Table 2).

For i.m. inoculation (in the pectoral muscle), two different
doses of virus were used. In the group infected with a
higher dose (103.2 MICLD50 in 20 ml), three out of seven
animals (43 % mortality) succumbed to EBLV-1 infection
at day 12 (M62076 and F60803) and day 33 p.i. (F57599)
(Table 2). None of the bats that died developed VNA. Of
the four survivors, only one (F58563) developed a
detectable VNA titre of 20 by day 35 p.i., which increased
to 40 by the end of the experiment. Four out of seven bats
(57 % mortality) inoculated i.m. with a lower dose of
EBLV-1aGE (102.2 MICLD50 in 20 ml) died at days 21, 32,
49 and 58 p.i. One bat seroconverted between days 11 and
35 p.i. but subsequently died at day 49 p.i. From three
surviving bats, only one (M57612) seroconverted with a
high titre of VNA and that bat maintained a high titre of
VNA until the end of the experiment (Table 2).

One animal from the control group (F60161) inoculated
with a placebo (10 % mouse brain homogenate in PBS)
died 56 days after placebo inoculation. EBLV-1a was
detected by DFA testing and PCR and was confirmed by
sequencing to be identical to the inoculum (Table 3). None
of the animals in the placebo group developed VNA.

Although 11 bats developed signs of rabies and subse-
quently died at 9–58 days p.i. (excluding the negative-
control death), only four had virus detectable in saliva. One
i.m. high-dose-inoculated bat (which died at 12 days p.i.)
and two i.m. low-dose-inoculated bats (which died at 58
and 49 days p.i.) had detectable viral RNA in saliva only at
a single sampling point during the experiment, on days 12,
21 and 35 p.i., respectively (Table 2). However, in only one
of these cases was virus isolated in cell culture. One bat
inoculated i.c., which died at 12 days p.i., had detectable
viral RNA in saliva on days 10 and 11 p.i. Virus was only
isolated in cell culture from the second sample (Table 2).
Overall during the course of the experiment (91 days),
from 34 inoculated bats (using various routes of inocu-
lation), only two animals (i.c.-infected and i.m. low-dose-
infected) had live virus isolated from a saliva sample at one
sampling point during the infection. In one case, a bat
(F67034) from the i.m. high-dose group that survived the
experiment and did not display obvious clinical signs of
rabies had detectable virus in saliva on day 28 p.i. (Table 2).
No virus or viral RNA was detected in this bat after
euthanasia at the end of the experiment.

No particular pattern of virus distribution in different
organs was observed (Table 3). Besides the brain, viral RNA
was most frequently detected in the tongue (not performed
for EBLV-1aGE), pectoral muscle and lungs. Occasionally,
viral RNA was found in the thyroid, heart, kidney, spleen,

Fig. 1. VNA titres detected in bats injected i.m. with EBLV-1aSK
into the deltoid area (a) or masseter region (b) or i.d./s.d. by
scratches on the leading edge of each wing (c).
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Table 2. Experiment 2: routes of inoculation, dynamics of antibody response, detection of virus or viral RNA in saliva and mortality of bats after EBLV-1aGE infection

Virus (dose) Route of infection Mortality Sex/bat ID Outcome/day

of death or

euthanasia p.i.

Titre of VNA at days p.i.: Detection of virus or viral

RNA in saliva
0 11 35 68 91

EBLV-1aGE

(103.2 MICLD50

in 20 ml)

i.m. pectoral muscle

high dose

3/7 (43 %) M62076 Died day 12 ,10 ,10 Dead Dead Dead Negative

F61131 Survived ,10 ND ,10 ,10 ,10 Negative

F67034 Survived ,10 ND ,10 ,10 ,10 Positive (28 days p.i.)*

F58563 Survived ,10 ND 20 40 40 Negative

F57599 Died day 33 ,10 ND Dead Dead Dead Negative

F62124 Survived ,10 ND ,10 ,10 ,10 Negative

F60803 Died day 12 ,10 ,10 Dead Dead Dead Positive (1 day p.i.)D

i.n. 0/7 (0 %) F60947 Survived ,10 ND ,10 ,10 ,10 Negative

F59501 Survived ,10 ND ,10 ,10 ,10 Negative

F59699 Survived ,10 ND ,10 ,10 ,10 Negative

M61399 Survived ,10 ND ,10 ,10 ,10 Negative

F61808 Survived ,10 ND ,10 ,10 ,10 Negative

M67087 Survived ,10 ND ,10 ,10 ,10 Negative

F62057 Survived ,10 ND ,10 ,10 ,10 Negative

i.c. 4/6 (66.6 %) F61227 Died day 0d ,10 Dead Dead Dead Dead ND

M63330 Died day 9 ,10 ND 20 Dead Dead Negative

F62293 Died day 10 ,10 20 Dead Dead Dead Negative

F63955 Died day 11 ,10 ND 40 Dead Dead Negative

F61400 Survived ,10 ND ,10 ,10 ,10 Negative

F62793 Died day 12 ,10 ND Dead Dead Dead Positive (10D and 11* days

p.i.)

F59027 Survived ,10 ND ,10 ,10 ,10 Negative

p.o. 0/7 (0 %) F66537 Survived ,10 ND ,10 ,10 ,10 Negative

F58431 Survived ,10 ND ,10 ,10 ,10 Negative

F61665 Survived ,10 ND ,10 ,10 ,10 Negative

F66074 Survived ,10 ND ,10 ,10 ,10 Negative

F65962 Survived ,10 ND ,10 ,10 ,10 Negative

F57030 Survived ,10 ND ,10 ,10 ,10 Negative

F60944 Survived ,10 ND ,10 ,10 ,10 Negative

EBLV-1aGE

(102.2 MICLD50

in 20 ml)

i.m. pectoral muscle,

low dose

4/7 (57 %) F60429 Survived ,10 ND ,10 ,10 ,10 Negative

F63890 Survived ,10 ND ,10 ,10 ,10 Negative

F61404 Died day 58 ,10 ND ,10 Dead Dead Positive (21 days p.i.)D

M57612 Survived ,10 ND 160 640 640 Negative

F65219 Died day 49 ,10 ND 20 Dead Dead Positive (35 days p.i.)*
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bladder and liver. However, in the salivary glands, viral
RNA was detected only in the group infected i.m. with the
lower dose of virus. All four animals from this group had
detectable levels of viral RNA.

Most notably, viral RNA was detected in the brain tissue
and bladder in the bat that succumbed to rabies from the
negative-control group. A typical pattern of behaviour,
with some exceptions, was observed in animals developing
signs of the disease in both experiments. Usually, the
morbidity period lasted 1–2 days, but sudden death,
without any other apparent signs, also occurred. Initially,
sick animals either separated themselves or were excluded
from the rest of the group. Paresis and paralysis later
restricted the movement of sick bats and they remained at
the bottom of the cage.

DISCUSSION

Rabies in New World bats is characterized by a relatively
low prevalence of virus (1–4 % in suspect bats) and a high
prevalence of VNA in colonies [65–70 % in T. brasiliensis
mexicana (Burns & Farinacci, 1955; Steece & Altenbach,
1989); 3–35 % in E. fuscus, 7 % in Lasionycteris noctivagans
and 31 % in Lasiurus cinereus (O’Shea et al., 2003)].
Similarly, a high prevalence of VNA against EBLV-1 was
reported from colonies of insectivorous bats from Spain
(Serra-Cobo et al., 2002; Amengual et al., 2007). Only low
seroprevalence (0.7–5.1 %, but at one location up to
31.6 %) of VNA against EBLV-2 has been detected in
Myotis daubentonii bats (Smith et al., 2006). A relatively
high seroprevalence of VNA against lyssaviruses is rather
specific for the order Chiroptera (mostly for gregarious
species with much less data available for solitary species),
with other mammalian species having a significantly lower
seroprevalence despite a relatively high incidence of rabies.
Based on field observations, O’Shea et al. (2003) suggested
that bats might acquire immunity through exposure to low
doses of virus that do not result in a productive infection.
Our experiments, mimicking the natural route of infection,
showed that, after the i.d./s.d. route of infection (via
scratches), all animals seroconverted and survived the
infection (Table 1). Because of the superficial nature of
inoculation, the virus dose was difficult to control and to
keep constant, and was certainly lower than the dose
delivered via the i.m. inoculation. Although this fact limits
the potential for parallel comparisons with the other routes
of inoculation such as the i.m. route where the virus dose
could be controlled more precisely, it more closely imitates
natural exposure.

The dynamics of VNA production following i.m. and i.d.
inoculation was characterized by a decrease starting at 21–
28 days p.i. (slow for the i.m. masseter route; relatively
rapid for the i.d. route; Fig. 1). This observation
corresponds with the findings of Hatten et al. (1968) that
the immune response to bacteriophage WX174 in bats (E.
fuscus) is characterized by a rapid increase and then an
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Table 3. Distribution of EBLV-1 or viral RNA in different tissues as determined by nested RT-PCR, real-time PCR and rabies tissue-culture infection test

ND, Not done.

Virus Route of infection Bat ID Brain Salivary

glands

Brown

fat

Pectoral

muscle

Tongue Trachea Thyroid Lung Heart Liver Spleen Kidney Blood Bladder

EBLV-1a SK i.m. (deltoid) M54 + + RNA + ND + + ND + + + + + 2 ND

M56 + + RNA + ND + + ND ND ND ND ND ND 2 ND

i.m. (masseter) F69 + + RNA 2 ND 2 2 ND + + 2 2 + 2 +

EBLV-1aGE i.m. (pectoral,

high dose)

M62076 + 2 ND + ND ND 2 + + + 2 2 ND 2

F57599 + 2 ND + ND ND 2 + 2 2 2 2 ND 2

F60803 + 2 ND 2 ND ND + + + 2 + 2 ND 2

i.c. M63330 + 2 ND + ND ND + + + 2 + + ND +

F62293* + 2 ND 2 ND ND 2 2 2 2 2 2 ND 2

F63955 + 2 ND 2 ND ND 2 2 2 2 2 + ND 2

F62793* + 2 ND 2 ND ND 2 2 2 2 2 2 ND 2

i.m. (pectoral,

low dose)

F61404 + + ND + ND ND + 2 + 2 + 2 ND +

F65219 + + ND + ND ND + 2 + + + + ND 2

F66582 + + ND + ND ND + + 2 2 2 + ND +

M66776 + + ND 2 ND ND 2 + 2 2 ND + ND +

Placebo/negative F60161 + 2 ND 2 ND ND 2 2 2 2 2 2 ND +

*Only histological examination was performed (no PCR).
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equally rapid decrease (of limited magnitude and duration)
in VNA titres when compared with the response and VNA
titre against the same test antigen in rabbit and guinea pig.
Similarly, Sétien et al. (1998) observed short-duration
circulation of VNA in Desmodus rotundus after oral
vaccination with a recombinant vaccinia–rabies glycopro-
tein vaccine. Short-duration VNA production and circula-
tion with persisting long-lasting memory B cells could
explain the temporal fluctuation in VNA titres at the
individual as well as the population level. In contrast,
Kuzmin et al. (2008) observed that VNA in bats previously
infected with Irkut virus persisted for 12 months after virus
challenge. These findings indicate that the dynamics of
VNA could depend on viral dose, route of exposure and
the lyssaviruses species involved. Differences in serological
results between Experiments 1 and 2 (Tables 1 and 2) could
be attributed partly to different isolates and different doses
of virus used for inoculation, as well as to slight differences
in the methods used for VNA titration. Overall, our
experimental observations suggest that exposure to varying
doses of EBLV-1 from rabid conspecifics within a colony
via natural (i.d. and also partly i.m.) routes could lead to an
abortive infection and serve as a natural mode of
immunization resulting in the presence of VNA in free-
ranging bats.

Although all of the p.o.- and i.n.-infected animals survived
EBLV infection, none developed VNA, in contrast to the
bats infected parenterally. These observations suggest a
possible role for innate immunity in peripheral clearance of
lyssaviruses in bats. The absence of mortality, any signs of
disease and immune responses after p.o. and i.n. infection
with a concentrated experimental dose of virus significantly
diminishes the importance of aerosol infection as a route of
virus transmission within bat populations for this particu-
lar lyssavirus species.

Reagan et al. (1957) demonstrated bat-bite transmission of
RABV (isolated from dogs) from experimentally infected
bats to suckling hamsters. In contrast, transmission of bat
RABV from T. brasiliensis to monkeys or guinea pigs was
not demonstrated, even though the clinically sick bats bit
them (Burns et al., 1958). No transmission of EBLV-1aSK
to non-infected conspecifics (assessed by the absence of
seroconversion) was observed in our experiments (trans-
mission of EBLV-1aGE was not tested). Similarly, Shankar
et al. (2004) did not observe any transmission of RABV
from rabid big brown bats to control bats housed in the
same cage. Very limited shedding of virus in the saliva of
infected bats together with the low number of bats per
group (when compared with the size of natural popula-
tions of E. fuscus) are the most credible explanations. In the
case of EBLV-1aSK, viral RNA could be detected in bat
saliva only at a single sampling 8 days before the clinical
signs of rabies were reported. In the case of EBLV-1aGE,
two i.m. low-dose-inoculated bats (which died at 58 and
49 days p.i.) had detectable levels of viral RNA in saliva at a
single sampling during the experiment, on days 21 and 35
p.i., respectively. In the first case (F61404), viral RNA was

detected in saliva by PCR 38 days before the evident signs
of disease appeared (although no virus was isolated in cell
culture). In the second case (F65219), viral RNA was
detected and virus was isolated 15 days before any clinical
signs of rabies. A lack of suitable conditions mimicking the
natural environment, including colonial gregarious beha-
viour with frequent interactions and bites, could explain
the inability to demonstrate experimental virus transmis-
sion to conspecifics.

In studies on experimental RABV infection in various
North American bat species, virus variants isolated from
naturally infected bats of the same species were used and
overt signs of CNS disease and/or death were observed
(Constantine, 1966b; Constantine & Woodall, 1966).
Infection was generally widespread, with virus being
detected in brain, brown fat, kidney and lung tissue and
in salivary glands and saliva. Bite transmission of RABV
from bats showing clinical signs of irritability and
aggressiveness to foxes, coyotes, mice and hamsters was
demonstrated (Constantine, 1966a, c; Constantine et al.,
1968). No evidence of inapparent RABV infection in bats
was obtained in these studies. In our experiments, a similar
organ distribution of virus and viral RNA was detected in
infected animals – a finding that suggests similarities in
spread and organ distribution of different species of
lyssaviruses in bats (Table 3). Animals that received a
lower i.m. virus dose appeared to have a broader organ
distribution than bats receiving the higher i.m. dose and
bats inoculated i.c. Incubation periods also varied depend-
ing on dose and route of inoculation, with the i.c. route of
infection having the shortest incubation period (9–
11 days). The observed extent of organ distribution
following EBLV-1 infection was positively correlated with
the length of incubation period and negatively correlated
with virus dose.

As reported previously by Sulkin et al. (1959) and Bell &
Moore (1960) for RABV, we also detected EBLV-1aSK
(EBLV-1aGE was not tested) in the brown fat of bats that
succumbed to infection, but the quantity of viral RNA was
lower than in the brain, as compared by a semi-quantitative
gel-electrophoresis-based analysis. On the basis of our
observations, we doubt that brown fat has any significant
role in lyssavirus pathogenesis other than being a destination
for virus spread through innervation. By contrast, Bourhy et
al. (1992) did not detect virus in brown fat in bats naturally
infected with EBLV-1. No viral RNA was detected in the
brain, salivary gland and other organs or in the saliva of bats
that survived the experiments.

Observed clinical signs associated with rabies after EBLV-1
infection included tremors, irritability, aggressiveness and
paralysis, but sudden death without any apparent signs of
disease also occurred in rare cases. However, intermittent
observations may be insufficient to record subtle changes
in behaviour.

Several authors have previously reported lyssavirus isola-
tion from the brains and salivary glands of apparently

R. Franka and others

2006 Journal of General Virology 89



healthy, normal-behaving bats taken from the wild
(Scatterday, 1954; Burns et al., 1956). Sporadic reports
suggest the existence of a ‘carrier state’ of rabies among
asymptomatic free-ranging bats (Pawan, 1936a, b; Sulkin,
1962; Rønsholt et al., 1998; Echevarrı́a et al., 2001; Serra-
Cobo et al., 2002; Wellenberg et al., 2002; Aquilar-Sétien et
al., 2005). Conversely, however, a ‘carrier state’ was not
demonstrated in experimentally infected insectivorous bats
(Kuzmin & Rupprecht, 2007). In our experiments,
shedding of virus or viral RNA in saliva was detected in
two bats inoculated i.m. with a low dose of EBLV-1aGE 15
and 38 days before detectable signs of rabies (Table 2).
However, in only one case was viral RNA as well as
infectious virus detected in saliva. The bat did not develop
obvious clinical signs of rabies, survived the experimental
infection (i.m. high dose of EBLV-1aGE) and did not
seroconvert, and no virus or viral RNA was detected in
collected tissues after euthanasia. Based on the limited data
gathered, we can only speculate about a possible mech-
anism behind this observation. A lick or bite from a rabid
conspecific just before sampling cannot be excluded. We
have no evidence and no intention to suggest that virus
reached the CNS, spread to salivary glands and was cleared
afterwards, as no VNA was detected in this particular
animal. Because human error cannot be excluded and
because this observation contradicts current knowledge
and most published data about lyssavirus pathogenesis,
further experiments with several similar outcomes need to
be conducted before firm conclusions or public health
recommendations can be made in this regard.

Two bats that were inoculated i.c. survived the infection
without seroconversion. Variability in the virus dose used
for inoculation (the virus dose used could have been less
than bat LD100 ; no previous or parallel titration of virus in
bats was done) or differences among immune system
responses in individual bats are possible suggestions to
explain this phenomenon. Although unlikely, unsuccessful
inoculation resulting from the small insulin needle (31-
gauge) failing to penetrate the skull or the brain
membranes of adult bats cannot be excluded.

One animal from the control group (F60161) inoculated
with a placebo (10 % mouse brain homogenate in PBS)
died at 56 days p.i. and EBLV-1a identical to the inoculum
used was detected by DFA and PCR testing and confirmed
by sequencing (Table 2). No VNA was detected in this
animal. The negative controls were handled first to avoid
contamination from the other virus-challenged animals.
Each group of bats was sufficiently separated from each
other to prevent viral transmission by direct contact
(biting). In addition, each bat received a microchip implant
at the beginning of the experiment and was allocated to a
specific group. Under these circumstances, there was no
opportunity to misplace the bats in an incorrect cage. The
airborne route was excluded as a possible explanation as a
positive airflow from the bottom to the top of the cages was
maintained throughout the experiment, preventing aero-
solized droplets from falling from the upper cage (i.c.

challenge) on to the lower cage (controls). Additionally,
our experiments showed that all i.n.- or p.o.-inoculated
bats survived the infection without seroconversion, a
finding that makes the airborne hypothesis less likely
unless the affected animal was immunosuppressed.
Similarly, Davis et al. (2007) showed that, although some
mice infected with North American bat RABV variants via
an aerosol succumbed to rabies, all bats infected by the
same route survived and developed VNA. Likewise, under
optimal experimental conditions, RABV but not EBLV-2
was transmitted by the airborne route in a dose-dependent
manner between experimental mice (Johnson et al., 2006).
We speculate that the bat was infected via saliva droplets
because the i.c.-inoculated group was housed above the
control group. This would, however, contradict the
observed inability to infect bats via the p.o. route. With
the current level of knowledge about lyssavirus pathogen-
esis, no plausible explanation exists for this intriguing
observation unless mislabelling of collection tubes is
considered.

Our study represents the first experimental proof of the
natural immunization hypothesis and offers an explanation
for the observation of VNA in free-ranging bats. The
exposure of bats to varying doses of virus from rabid
conspecifics via i.d. routes (frequent biting resulting from
colonial behaviour and grooming with small dermal
scratches) could result in an abortive infection and would
serve as a mode of natural immunization. Stress,
malnutrition, an immature immune system and immuno-
suppression enable productive infection and circulation of
virus within a population with certain levels of herd
immunity.
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