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Mutant viral strains deleted in non-essential genes represent useful tools to study the
function of specific gene products in the biology of the virus. We herein describe an
investigation on the phenotype of a bovine herpesvirus 5 (BoHV-5) recombinant deleted in
the gene encoding the enzyme thymidine kinase (TK) in rabbits, with special emphasis to
neuroinvasiveness and the ability to establish and reactivate latent infection. Rabbits
inoculated with the parental virus (SV-507/99) (n=18) at a low titer (10>°TCID,,) shed virus in
nasal secretions in titers up to 10*°TCID, for up to 12 days (average: 9.8 days [5-12]) and 5/
16 developed neurological disease and were euthanized in extremis. Rabbits inoculated with
the recombinant BoHV-5TKA at a high dose (107" TCID, ) also shed virus in nasal secretions,
yet to lower titers (maximum: 10**TCID, ) and for a shorter period (average: 6.6 days [2-11])
and remained healthy. PCR examination of brain sections of inoculated rabbits at day 6
post-infection (pi) revealed a widespread distribution of the parental virus, whereas DNA of
the recombinant BoHV-5TKA-was detected only in the trigeminal ganglia [TG] and olfactory
bulbs [OB]. Nevertheless, during latent infection (52pi), DNA of the recombinant virus was
detected in the TGs, OBs and also in other areas of the brain, demonstrating the ability of
the virus to invade the brain. Dexamethasone (Dx) administration at day 65 pi was followed
by virus reactivation and shedding by 5/8 rabbits inoculated with the parental strain (mean
duration of 4.2 days [1 — 9]) and by none of seven rabbits inoculated with the recombinant
virus. Again, PCR examination at day 30 post-Dx treatment revealed the presence of latent
DNA in the TGs, OBs and in other areas of the brain of both groups. Taken together, these
results confirm that the recombinant BoHV-5TKA is highly attenuated for rabbits. It shows a
reduced ability to replicate in the nose but retains the ability to invade the brain and to
establish latent infection. Additional studies are underway to determine the biological and
molecular mechanisms underlying the inability of BoHV-5TKA to reactivate from latency.
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RESUMO.- [Cepa do herpesvirus bovino tipo 5 defecti-
va na timidina quinase é altamente atenuada para coe-
lhos mas € neuroinvasiva e estabelece infeccao laten-
te.] Cepas virais mutantes defectivas em genes nao essen-
ciais se constituem em ferramentas Uteis para o estudo da
funcéo de proteinas virais na biologia dos virus. Este estu-
do relata uma investigacéo do fenétipo, em coelhos, de uma
cepa recombinante do herpesvirus bovino tipo 5 (BoHV-5)
defectiva na enzima timidina quinase (TK), com énfase para
a neuroinvasividade e capacidade de estabelecer e reativar
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ainfeccao latente. Coelhos inoculados com o virus parental
(SV-507/99, n=18) em baixo titulo (10>°TCID,,) excretaram
o virus nas secregdes nasais em titulos de até 10*5TCID ./
mL por até 12 dias (média: 9,8 dias [5-12]) e 5/16 desenvol-
veram doenca neuroldgica e morreram ou foram eutanasia-
dos in extremis. Em contraste, coelhos inoculados com o
recombinante BoHV-5TKA em alto titulo (107'TCID,) ex-
cretaram o virus em titulos inferiores (maximo 1023TCID ./
mL), por um periodo menor (média: 6,6 days [2-11]) e per-
maneceram saudaveis. A realizacdo de PCR em se¢des do
encéfalo no dia 6 pds-infecgao (pi) revelou uma ampla distri-
buicdo do DNA do virus parental, enquanto o DNA do virus
recombinante foi detectado apenas nos ganglios trigémeos
[TGs] e nos bulbos olfatérios [OBs]. Nao obstante, durante
a infeccao latente (52pi), o DNA do virus recombinante foi
detectado nos TGs, OBs e em outros locais do encéfalo,
demonstrando que o virus recombinante mantém a neuroin-
vasividade. Tratamento com dexamethasona (Dx) no dia 65
pi resultou em reativacéo e excre¢ao viral por 5/8 dos coe-
Ihos inoculados com o virus parental (duragcao média de 4,2
dias [1-9]) e por nenhum dos sete coelhos inoculados com
o virus recombinante. No entanto, PCR realizado no dia 30
pds-Dx revelou a presenca de DNA latente do BoHV-5TKA
nos TGs, OBs e em outras areas do encéfalo. Esses resul-
tados confirmam que o recombinante BoHV-5TKA é alta-
mente atenuado para coelhos. A sua capacidade de replica-
¢ao na mucosa nasal é reduzida, mas mantém a capacida-
de de invadir o encéfalo e estabelecer infeccao latente. Es-
tudos adicionais estdo em andamento para elucidar os me-
canismos responsaveis pela incapacidade do recombinan-
te de reativar a infeccao latente.

TERMOS DE INDEXA(;AO: BoHV-5, fendétipo mutante, neuro-
viruléncia, neuroinvasividade.

INTRODUCTION

Bovine herpesvirus type 5 (BoHV-5) is an enveloped DNA
virus that belongs to the family Herpesviridae, subfamily
Alphaherpesvirinae, genus Varicellovirus (Roizman et al.
1992). BoHV-5 infection has been associated with
meningoencephalitis in cattle, a disease frequently descri-
bed in South American countries, especially Brazil and
Argentina, where numerous outbreaks are reported every
year (Carrillo et al. 1983, Salvador et al. 1998, Rissi et al.
2008, Silva et al. 2007).

Like other alphaherpesviruses, e.g. human herpes simplex
type 1 (HSV-1) and pseudorabies virus (PRV), BoHV-5 is
neuroinvasive and neurovirulent in their natural hosts and in
animal models ( Lee et al. 1999, Vogel et al. 2003). After
primary replication in the nasal epithelia, BoHV-5 dissemi-
nates into the central nervous system (CNS) through axonal
transport, using the olfactory and/or trigeminal pathway (Cho-
wdhury et al. 1997, Lee et al. 1999, Diel et al. 2005). In the
first, the virus invades dendrites of olfactory receptor neurons
located in the olfactory epithelium and is transported to the
main olfactory bulbs through axonal transport. In the second
pathway, the virus invades the maxillary nerve endings and
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reaches the trigeminal ganglia (TG), whose neurons projects
to neurons in the pons and medulla oblongata (Chowdhury
et al. 1997, Lee et al. 1999). Neurological signs in BoHV-5
inoculated rabbits are predominantly associated with viral
dissemination and neuronal lesions after invasion by the
olfactory pathway ( Lee et al. 1999, Diel et al. 2005).

Several gene products are involved in viral replication
and dissemination of alphaherperviruses in the central
nervous system (CNS) (Enquist et al. 1998). The thymidine
kinase (TK) enzyme - encoded by all known herpesviruses -
is involved in the metabolism of deoxyribonucleotides, an
activity necessary for virus replication in non-dividing cells,
such as neurons (Smith et al. 1991, Tikoo et al. 1995). The
TK gene s classified as non-essential since its deletion does
not impair the ability of the virus to replicate in cell culture
(Brum et al. 2010). Nonetheless, TK is required for the full
expression of herpesvirus neurovirulence in vivo (Enquist et
al. 1998). Deletion of TK gene in HSV-1 and PRV has been
associated with deficient replication in neurons and reduced
neurovirulence (Chen et al. 2004, Ferrari et al. 2000). The
ability to establish latent infection does not seem to be
affected in TK-negative viruses, like HSV-1, PRV and bovine
herpesvirus type 1 (BoHV-1) (Chen et al. 2004, Ferrari et al.
2000, Whetstone et al. 1992). However, the ability to
reactivate the infection is usually severely impaired, if not
abolished, depending on the viruses, animal and experimental
procedures (Coen et al. 1989, Mengeling 1991, Whetstone
etal. 1992, Ferrari et al. 2000).

Since BoHV-5 displays a marked neurotropism and its
replication in the brain results in severe neurological signs
and neuropathology, it is reasonable to assume that TK
plays an important role in BoHV-5 neuropathogenesis. In a
previous studies, a Brazilian BoHV-5 TK negative strain
(BoHV-5TKA) was shown to be attenuated in a rabbit model
(Silva et al. 2010) and a BoHV-5 brivudin-resistant strain -
probably defective in TK activity- was also attenuated in
rabbits (Brum et al. 2009). However, in none of these studies
the ability of the virus to spread into the CNS following IN
inoculation was addressed.

In the present article, we investigated the pathogenesis
of acute and latent infection by a BoHV-5TKA strain in a
rabbit model. The results presented herein confirm and extend
previous observations (Silva et al. 2010) which indicate that
the recombinant is fully attenuated for rabbits after IN
inoculation. Interestingly, the recombinant retains the ability
to invade and to replicate to a certain extent in the CNS
during acute infection, albeit without producing neurological
disease. Even though the ability of establish latent infection
remains present, the mutant does not reactivate upon
dexamethasone administration (Dx).

MATERIALS AND METHODS

Experimental design

Groups of weanling rabbits were inoculated intranasally
(IN) with the parental virus (SV507/99, n=18) or with the re-
combinant BoHV-5TKA (n=14) and submitted to clinical,
virological and serological monitoring during acute infection.
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At day 65 post-inoculation (pi), inoculated animals of both
groups were submitted to dexamethasone (Dx) administration
and monitored thereafter. To address viral neuroinvasiveness,
rabbits inoculated with the recombinant and with the parental
virus were euthanized at day 6 pi and at day 5 after Dx
administration (pDx). To detect latent viral DNA, rabbits were
euthanized for detection of viral DNA by PCR in brain sections
at days 52 pi and 30 pDx.

Viruses and cells

The Brazilian BoHV-5 strain SV507/99 - isolated from a
cow with neurological disease in southern Brazil and submitted
to sequencing of the entire genome (Delhon et al. 2003) - was
used as the parental virus to construct the recombinant lacking
the TK gene, BoHV-5TKA (Brum et al. 2010). All procedures of
virus multiplication, isolation and serological tests were perfor-
med in a MDBK-derived cell line named CRIB (ATCC-CRL
11883). In vitro growth kinetics was performed in rabbit kidney
cells (RK-13; ATCC-CCL 37). Cells were maintained in MEM
(minimum essential medium, Invitrogen, Brazil), supplemented
with 10% fetal bovine serum (Cultilab, Brazil), 100 U/mL of
penicillin and 100 pg/mL of streptomycin (Nutricell, Brazil).

In vitro growth kinetics

Prior to rabbit inoculation, the ability of the parental virus and
the recombinant BoHV-5TKA to replicate in RK-13 cells was
assayed in an one step growth curve according to Brum et al.
(2010). RK-13 cell monolayers were inoculated either the re-
combinant or the parental strain at a multiplicity of infection of 5.
At intervals after virus inoculation (0, 4, 10, 18 and 24 hours)
aliquots of culture supernatants were harvested and submitted
to virus quantitation by limiting dilution. Virus titers were calculated
according to Reed & Muench (1938) and expressed as log,,
median tissue culture infectious dose per mililiter (TCID,,/mL).

Animals, virus inoculation and dexamethasone (Dx)
administration

Thirty-two about 30 day-old weanling New Zealand rabbits
were allocated into two groups and maintained in separated
cages without contact with each other. One group was inoculated
with BoHV-5TKA in a dose of 107! TCID,, (n=14) and the other
group (n=16) was inoculated with the parental virus (1055 TCID).
To study neuroinvasiveness, three animals were also inoculated
with the parental virus at a high dose (107-°> TCID,), a titer that
produces neurological infection and disease in virtually 100% of
the rabbits (Caron et al. 2002. The animals were inoculated IN
with 1mL of a viral suspension into the paranasal sinuses (0.5mL
in each side) through nephrine openings (Silva et al. 1999) after
tranquilization with tiletamine/zolazepan (30mg/kg IM; Zoletil,
Virbac, Brazil). At day 6pi, 2 rabbits of the parental virus group
and 3 of the recombinant virus group were euthanized for
examining brain sections for viral DNA by PCR. Beginning at
day 65 pi Day OpDx), the remaining rabbits were submitted to
five daily administrations of dexamethasone (Dx, 2.6mg/kg/day,
Decadronal, Ache, Brazil) by the intramuscular route. Rabbits of
the BoHV-5TKA group were euthanized at days 5 post-Dx (pDx)
or at day 30 pDx to search for viral DNA in brain tissues.

Monitoring, sample collection and processing

Rabbits were monitored twice a day for clinical signs during
the entire experimental period. Nasal swabs for virus isolation
were collected daily up to day 12 pi and 12 pDx. Viral isolation

was performed in CRIB cells according to standard protocols
(Diel et al. 2007). Quantitation of virus in nasal swabs was per-
formed by submitting pools of nasal secretions (each pool con-
tained nasal secretions collected from 4 animals) to limiting
dilution. Sera obtained from blood samples collected at days 0,
52 pi, 65 pi(0 pDx) and 30 pDx were submitted to a standard
virus neutralizing assay (VN) for neutralizing antibodies (Diel et
al. 2007). Geometric mean titers (G) of neutralizing antibodies of
each group were calculated according G = 2(09x1 +10gx2 + ... log xn)in
(Toma et al. 1999). Swabs that were positive for virus were
subsequently submitted to virus quantitation by limiting dilution.

To address viral neuroinvasiveness, at day 6 pi (acute
infection) three rabbits inoculated with the recombinant and
two inoculated with a high dose of SV507/99 strain (107> TCID, )
were euthanized to collect neural tissues: olfactory bulb (OB);
anterior (AC) and ventro-lateral cortex (VLC); trigeminal ganglia
(TG), pons/medulla oblongata (PO/MQO), thalamus (Th) and
cerebellum (CB) (Mayer et al. 2006). These sections were
maintained at -80°C until DNA extraction was performed. At
day 5 pDx (after Dx treatment) three other rabbits of each group
infected with BoHV-5TKA and SV507/99 strain (dose 1055
TCIDg,) were euthanized. At day 52 pi and 30 pDx, animals of
both groups were also euthanized and the neural tissues were
collected to confirm latent infection.

All procedures of animal handling and experimentation were
performed according to recommendations by the Brazilian
Committee on Animal Experimentation (COBEA,; law #6.638 of
8th May 1979). The animal experiments were approved by an
Institutional Ethics and Animal Welfare Committee (Comité de
Etica e Bem Estar Animal, Universidade Federal de Santa Maria,
UFSM, approval #44/2008; process #23081.010078/2008-41).

DNA extraction and PCR

Neural tissues collected at day 6 pi (acute infection), at day 5
pDx (after Dx administration), 52 pi and 30 pDx (latent infection)
were submitted to total DNA extraction using phenol-chloroform
protocol (Vogel et al. 2003). Total DNA was submitted to a nested
PCR using two set of primers corresponding to positions 57.338
and 57.782 (primers 1 and 2) and 57.372 and 57.666 (primers 3
and 4) of the glycoprotein B (gB) gene coding region of the BoHV-
5 strain SV507/99, essentially as described by Diel et al. (2007).
Total DNA extracted from the brain of a control non-infected rabbit,
and from a rabbit with acute BoHV-5 infection was used as ne-
gative and positive controls, respectively. PCR products were
analysed under UV light after electrophoresis in a 1.5% agarose
gel stained with ethidium bromide.

RESULTS

One step growth curve

As the recombinants were amplified and characterized
in bovine cells (CRIB), before inoculation in rabbits we
investigated its ability to replicate in cultured rabbit cells.
The one step growth curve experiment performed in RK-13
cells demonstrated that the recombinant BoHV-5TKA
replicated with similar kinetics and to a similar titer to those
of the parental virus(Fig.1). In a previous experiment in
CRIB cells, this recombinant was also shown to replicate
to equivalent titers to that of the parental virus (Brum et al.
2010). Thus, a possible impairment in replicating in rabbits
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in vivo would not be attributable to a gross defect of repli-
cation in rabbit cells.

Acute infection

The main clinical, virological and serological findings
observed during acute infection are presented in Table 1.
Al rabbits inoculated with SV507/99 (dose of 10°° TCID)
shed virus in nasal secretions up to day 12 pi, with a mean
period of excretion of 9.8 days (5-12). Despite of the low
viral dose inoculated, five out of sixteen rabbits (the other
two were euthanized at day 6 pi) developed severe
neurological signs between days 10 and 13 pi (rabbits #18,

Fig.1. One step growth curve of replication of BoHV-5 SV-507/
99 and recombinant BoHV-5TKA in rabbit kidney cells (RK-
13). Cells were inoculated with a m.o.i of 5 and aliquots of
culture supernatants were collected at different intervals
and submitted to virus quantitation by limiting dilution.

Table 1. Virological, serological and clinical findings after inoculation of rabbits with BoHV-5
SV-507/99 or with the recombinant BoHV-5TKA

Virus Virus shedding (dpi) VN History
1 2 3 4 5 6 7 8 9 10 11 12 (day 33)
BoHV-5TKA

1 + o+ o+ o+ o+ 47 NT Euthanasia (6dpi)2

2 + + o+ 4+ o+ -2 NT Euthanasia (6dpi)2

3 - -+ -+ 48 NT Euthanasia (6dpi)?

4 o - - - - 2 n/a

5 + + + 4+ o+ o+ o+ - - - - - 8 n/a

6 + + + 4+ + + + + - - - - 16 n/a

7 S T T S 2 n/a

8 + -+ - -+ o+ o+ o+ - - - 2 n/a

9 + + + 4+ + + + + - - - - 8 n/a

10 + + + o+ 4+ - - - - - - - 4 n/a

11 - + + + o+ o+ o+ o+ o+ - - + 4 n/a

12 + -+ o+ o+ o+ - - - - - 4 n/a

13 T e T T B S 8 n/a

14 + + o+ o+ o+ - - - - - 16 n/a

SV507/99

15 R T T S T S e e S 4 n/a

16 + + + + + o+ o+ o+ o+ o+ + 4 n/a

17 + + + 4+ + o+ + o+ o+ o+ o+ 4+ 4 n/a

18 + + + + o+ o+ o+ o+ o+ o+ NT Seizures (euthanasia
day 10pi)

19 + 0+ + + 4+ o+ o+ o+ 4+ o+ o+ o+ 8 n/a

20 -+ o+ o+ o+ 42 NT Euthanasia (6dpi)2

21 + o+ o+ o+ o+ 48 NT Euthanasia (6dpi)2

22 -+ o+ o+ o+ o+ -+ - - NT Blindness, bruxism,
opisthotonus (eutana-
sia day 13pi)

23 -+ o+ o+ + + + o+ o+ o+ - 2 n/a

24 + 0+ + 4+ + o+ o+ o+ o+ - - - NT Bruxism, depression
(euthanasia day 13pi)

25 -+ + + + o+ o+ +0 NT Bruxism, opisthotonus
(euthanasia day 11pi)

26 + + + + o+ o+ o+ - -+ - - 4 n/a

27 - -+ + o+ o+ o+ o+ o+ o+ -+ 2 n/a

28 - - - -+ o+ o+ o+ o+ - - 4 n/a

29 -+ 4+ + + + o+ 4+ o+ o+ - - <2 n/a

30 - + + o+ o+ o+ o+ o+ o+ - - + NT Bruxism, seizures (eu-
thanasia day 13pi)

31 -+ 4+ + + + + 4+ + + + - 4 n/a

32 -+ o+ o+ + + o+ o+ o+ - 4 n/a

a Euthanasia for collection of brain sections for PCR; P Death after neurological signs.
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Fig.2. Mean virus titers in nasal secretions of rabbits inoculated
with the parental virus BoHV-5 SV-507/99 or with the re-
combinant BoHV-5TKA.

22, 24,25 and 30). The signs were depression or excitation,
ptialism, bruxism, opisthotonus and seizures. These ani-
mals were euthanized in extremis and infectious virus was
isolated from several areas of their brain (data not shown).

Most rabbits (13/14) inoculated with the recombinant
BoHV-5TKA (dose of 107! TCID, ) shed virus in nasal se-
cretion up day 9 pi (2-9), however for a shorter period (mean
6.6 days). Virus shedding was intermittent in some ani-
mals. None of the animals inoculated with the recombinant
virus developed neurological disease. One animal of this
group was found death in the cage at day 12 pi, however
no infectious virus was recovered from the brain.

The mean titers of virus shedding in both groups are
presented in Figure 2. In general, rabbits inoculated with the

recombinant virus shed virus in titers approximately 2 log,,
lower than the animals inoculated with the parental virus (Fig.2).

Most rabbits inoculated with the parental and recombi-
nant strains developed neutralizing antibodies at day 33 pi
(Table 1). The geometric mean titer (GMT) of the group
BoHV-5TKA (2.36) was higher than the GMT of the parental
group (1.90). This difference may be explained by the high
dose used to inoculate the rabbits with the recombinant
virus (100 times higher than the parental strain). Serocon-
version could not be assessed in several animals euthani-
zed during acute infection (Table 1).

Taken together, the results of virus isolation and sero-
logy demonstrate that the recombinant virus retained the
ability to replicate in the nasal mucosa of rabbits. The extent
and duration of virus shedding, however, were significantly
reduced comparing to the parental strain.

Latent infection

No infectious virus was detected in nasal swabs collected
at day 52 pi from rabbits inoculated with both strains. The
absence of virus replication characterized latent infection.
PCR examination of brain sections of three rabbits inoculated
with the recombinant virus revealed the presence of viral
DNA in the TGs, OBs and in other sections of the trigeminal
(rabbits # 4 and 5) and olfactory pathways (rabbit # 6) (Table
3). No infectious virus was detected in these sections upon
inoculation of tissue homogenates into CRIB cells. These
results indicated that animals were latently infected before
Dx administration.

Reactivation of latent infection
Following Dx administration - starting at day 65 pi, five
out of eight rabbits inoculated with parental strain shed virus

Table 2. Virological and serological findings after dexamethasone (Dx) treatment of
rabbits with BoHV-5 SV-507/99 or with the recombinant BoHV-5TKA

Virus Virus shedding VN antibodies History
(day pi) (day pDx)
1-3 4 5 6 7 8 9 10 11 12 0 30
BoHV-5TKA
Rabbit #
7 - - - - - 32 8 n/a
8 - - - - - <2 nt Death (13dDx)
10 - - - - - <2 <2 n/a
11 - - - - - <2 <2 n/a
12 - - - - - 4 2 n/a
13 - - - - - 16 2 n/a
14 - - - - - 32 4 n/a
SV507/99
Rabbit #
15 - + + + - 4 4 n/a
16 + - + + + + + + + 4 32 n/a
17 - - - - 4 4 n/a
19 - - a nt nt 8 nt Death (11dDx)
23 - + - 2 2 n/a
27 + + + + 2 4 n/a
29 - + - <2 <2 n/a
32 - - - 4 nt Death (15dDx)

@ Found dead in the cage at day 11pDx.
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Table 3. Distribution of viral DNA in brain sections of rabbits inoculated with BoHV-5 SV-507/99 or
with the recombinant BoHV-5TKA, at different time-points after infection

BoHV-5 strain  Animal

Brain sections?

Observations

(TCIDy) (#) OB VLC AC Th/CB PO/MO TG
Acute infection SV507/99 20 + + + SV507/99 - invasion of 2nd
day 6 pi (107-5) 21 + + - + - and 3" order neurons of the
TG and OB pathways;
BoHV-5TKA 1 + - + BoHV-5TKA - infection of
(107-1) 2 + - +  entry sites of the brain.
3 + - - +
Latent infection ~ BoHV-5TKA 4 + + + +  Reached 2" and 3 order
day 52 pi (1071 5 + - - + + neurons of the two pathways.
6 - + - + +
After Dx SV507/99 26 - + + + +  Reached 2" and 3" order
administration (105-9) 28 - - - - +  neurons of both pathways
day 5 p 31 + + + + +
BoHV-5TKA 11 - - - - - Reached 2" and 3" order
(107-1) 12 + - + + +  neurons of both pathways
14 + + + + +
Latent infection ~ BoHV-5TKA 7 - - - +  Reached 2" and 3" order
day 30 pDx (1071 10 + - + - neurons of both pathways
13 - + + + -

2 OB = olfactory bulb; VLC = ventro-lateral cortex (amygdala); AC = anterior cortex; Th = thalamus; CB = cerebellum;
PO = pons; MO = medulla oblongata; TG = trigeminal ganglia.

in nasal secretions (mean duration =4.25 days [1-9] ) (Table
2). No neurological signs were recorded in these animals
and only one presented an increase in VN titer after Dx
administration (rabbit # 16). In rabbits inoculated with BoHV-
5TKA, no viral shedding, clinical disease orincrease in VN
titers were observed (Table 2). Two rabbits inoculated with
the parental strain (rabbits # 19 and 32) and one inoculated
with BoHV-5TKA (# 18) died between day 11 and 15 pDx,
yet no infectious virus was recovered from their brains.
Probably, these deaths were due to the high dose of Dx
used in the attempt to reactivate the infection.

Taken together, these results indicate that the absence
of TK did not prevent the establishment of latent infection
by the recombinant BoHV-5TKA but did impair reactivation
and shedding upon corticosteroid treatment.

Spread of BoHV-5TKA within the CNS

To address the ability of the recombinant virus to inva-
de the CNS (neuroinvasiveness) from the site of inoculation,
rabbits were euthanized at day 6 pi (acute infection). Virus
shedding was detected in nasal swabs of rabbits of both
groups prior to euthanasia, confirming that the virus was
replicating in the nasal mucosa. Investigation of viral DNA
in neural tissues at that day demonstrated the presence of
BoHV-5TKA only in TGs and OBs (Table 3). In contrast,
the parental strain was widely distributed in the brain of two
rabbits (# 20 and 21) euthanized at this day, reaching VLC
and AC (rabbit # 21) and PO/MO and TAL/CB (rabbit # 20)
(Table 3). These sites correspond to second and third-order
neurons of the olfactory and trigeminal pathways, respecti-
vely. Infectivity was demonstrated in a few brain sections
of rabbits inoculated with the parental virus, but not in rabbits
inoculated with the recombinant (not shown). These data
demonstrated that the parental strain reached deep areas
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of the brain at day 6 pi whereas the recombinant reached
only the initial areas of the CNS through the olfactory and
trigeminal pathways. Taken alone, these data would indicate
a defect (or a delay) of the recombinant to invade the brain
after reaching the TGs and OBs during early acute infection.

We further investigated the ability of the recombinant to
invade the brain by testing brain sections by PCR at days
52 pi (latency), 5 pDx (after Dx treatment) and 30 pDx
(latency). Rabbits inoculated with the parental strain were
euthanized at day 5 pDx. Examination of the brain of rabbits
inoculated with the recombinant at day 52 pi revealed BoHV-
5TKA DNA in TGs, OBs and in additional areas of the brain,
noticeably TAL/CB and PO/MO (rabbits # 4 and 5) and
VLC and AC (rabbit # 6) (Table 3). Thus, contrasting with
the lack of detection of viral DNA in deep areas of the brain
at day 6 pi, these data indicate that the recombinant was
indeed capable of spreading into the CNS during acute
infection, reaching second and third-order neurons of the
olfactory and trigeminal pathways. The lack of detection of
viral DNA beyond the TGs and OBs at day 6pi, therefore,
might reflect a delay in the invasion and/or replication of
the recombinant in nervous tissue.

At day 5pDx, the recombinant virus showed a wide dis-
tribution (DNA or infectious virus) in the brain of two rabbits
(#12and 14), similar to that observed at day 52 pi, reaching
the PO/MO and Th/CB (# 12) and PO/MO, Th/CB and VLC
(# 14) (Table 3). This distribution was similar to that of the
parental strain (Table 3). At day 30pDx, recombinant virus
DNA was also detected in second and third-order neurons
of both olfactory and trigeminal pathways, demonstrating
the ability of this virus to invade the brain. The lack of
detection of infectious virus in these areas confirmed the
status of latent infection.

Taken together, the results of mapping viral DNA by
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PCR in the brain of inoculated rabbits at late times after
infection (latent infection) indicate that the recombinant
BoHV-5TKA was able to invade the brain and to establish
latent infection in several neural areas. The levels of virus
replication and dissemination within the brain, however, were
probably too low to produce neuropathology and clinical
signs. This would explain the absence of neurological di-
sease in rabbits inoculated with the recombinant virus. Thus,
the recombinant BoHV-5TKA is fully attenuated for rabbits,
albeit retaining the ability to replicate in the nasal mucosa,
to invade the brain and to establish latent infection.

DISCUSSION

We herein investigated the ability of the recombinant BoHV-
5TKA to invade and to disseminate within the brain of rabbits
after intranasal inoculation. This recombinant was cons-
tructed out of a neurovirulent Brazilian BoHV-5 strain (Brum
et al. 2010) and was previously shown to be attenuated for
rabbits (Silva et al. 2010) and calves (Santos et al. 2010).
In the present study we demonstrated that the recombi-
nant - in spite of being completely avirulent for rabbits -
retains the ability to replicate in the nose to moderate titers
and is capable to invade and replicate to certain levels in
the brain. Moreover, we confirmed that BoHV-5TKA does
establish latent infection in sites of the brain, but is not
reactivated upon Dx administration.

The enzyme thymidine kinase (TK) of alphaherpesviru-
ses is a product of an early gene required for viral DNA
replication in neurons, but is not essential for viral replicati-
on in epithelial cells or in cell cultures (Chen et al. 1998,
2004, Enquist et al. 1998). Even though TK is non-essential
for viral replication in dividing cells, alphaherpesviruses
defective in TK activity usually show a reduced ability to
replicate in peripheral tissues compared to their TK+ coun-
terparts (Kaashoek et al. 1996, Ferrari et al. 2000). Herein,
we demonstrated that BoHV-5TKA replicates with reduced
efficiency in the nasal mucosa of rabbits. Even inoculated
with a 100-fold higher dose, the titers in nasal secretions
were 2 log,, lower than the parental strain (Fig.2). The duration
of virus shedding was also reduced. The reduced ability to
replicate in the nose of rabbits would not be attributed to a
gross defect of replication in rabbit cells, since the virus
yield in RK-13 cells was similar to that of the parental virus
(Fig. 1). Interestingly, the mean VN titer (GMT) of the re-
combinant virus group was higher than the parental virus
group, probably reflecting the high amount of input virus
(Table 1). Thus, deletion of TK from the BoHV-5 genome
resulted in a reduced ability of the recombinant virus to
replicate in the nose of rabbits. Similar findings were obser-
ved in pigs inoculated with TK-deleted strains of PRV, which
retained the ability of replicate in the site of inoculation, yet
to a lesser extent than the parental virus (Ferrari et al. 1998,
2000). Similarly, an HSV-1 TK negative strain was able to
replicate in the cornea of rats in lower levels than the wild
type virus (Chen et al. 2004). In recent experiment the re-
combinant BoHV-5TKA was shown to replicate less efficiently
(both in titer and duration) than the parental virus in the na-

sal mucosa of experimentally infected calves (Santos et al.
2010) and rabbits (Silva et al. 2010).

Rabbits inoculated with BoHV-5TKA did not develop
neurological disease and viral DNA was not detected by PCR
in their brains during acute infection (day 6 pi). In contrast,
DNA of the parental virus was detected in several areas of
the CNS at day 6, indicating an efficient neuroinvasion after
nasal replication. Similar findings were reported for an atte-
nuated PRV TK-deleted strain, whose viral replication in the
brain of pigs was severely impaired at day 3 and 8 pi compa-
red with parental strain (Ferrari et al. 2000). The migration of
the virus to the CNS (olfactory and trigeminal nervous
pathways) was reduced comparing to the parental strain
(Ferrari et al. 2000). Likewise, viral replication in trigeminal
ganglia of rats infected with HSV-1TK-negative was largely
impaired at day 1 pi (Chen et al. 2004).

In contrast with early infection (day 6 pi), BoHV-5TKA
DNA was detected in several areas of the brain at late times
(day 52 pi, 5 and 30 pDx) (Table 3). The distribution of
recombinant virus DNA was somehow similar to that of the
parental virus (in spite of the 2 log ,, difference in input
virus). Moreover, 31% of rabbits inoculated with the parental
virus developed neurological disease during acute infection,
infectious virus was found widely distributed in the brains
(data not show). Similar finding were reported following
infection of pigs with a PRV TK-deleted strain, where viral
DNA was detected - although in lower amounts than parental
virus DNA - in several areas of the brain, including third and
fourth order neurons of olfactory and trigeminal pathways
(Ferrari et al. 2000). In both studies - BoHV-5 and PRV TK
deleted - inoculated animals did not develop neurological
disease, probably reflecting the low level of invasion and
replication in the brain. Thus, although our PCR results
indicate that BoHV-5TKA can reach and replicate in deep
areas of the brain, we suggest that the level of virus replication
is too low to produce massive neuronal infection, damage
and neuropathology.

Detection of BoHV-5TKA DNA in brain tissues indicates
that some level of virus replication did occur in these areas,
similarly to that described for a PRV TK-deleted strain in
pigs (Ferrari et al. 2000). It is unlikely that the DNA detec-
ted in the brain was derived from viral particles passively
transported to these sites through axonal flow. As TK
activity is essential for efficient replication of other alphaher-
pesviruses in non-dividing, neuronal cells (Ferrari et al.
2000), it would be interesting to investigate whether BoHV-
5 is less dependent on its own TK activity to replicate in
neurons. It cannot be discarded that viral spread in the
CNS in the absence of viral encoded TK might be related
to the ability of the virus to take advantage of cellular en-
zymes involved in the synthesis of deoxyribonucleotides
for DNA repair (Chen et al. 1998). A previous study with
HSV-1 strains expressing different cellular enzymes invol-
ved in nucleoside phosphorylation demonstrated that a
human cellular TK can replace viral TK, allowing viral repli-
cation and reactivation from latency in trigeminal ganglia
(Chen et al. 1998). Another hypothesis is that deoxythymi-
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dine monophosphate, also known as thymidylate, may arise
from cellular sources like mitochondrial TK or residual
cytosolic TK and then lead to formation of deoxythymidine
triphosphate by cellular thymidylate kinases (Chen et al.
1998). Regardless the mechanism, the data presented
herein suggest that low levels of BoHV-5TKA replication in
neural tissues may occur in the absence of viral TK.

The consistent detection of viral DNA in the TGs and
OBs of rabbits inoculated with the recombinant (Table 3)
indicates an efficient establishment of latent infection. Si-
milar results were demonstrated for the recombinant BoHV-
5TKA in rabbits, in which reactivation was not detected
(Silva et al. 2010) and in calves, where reactivation was
only barely detected (Santos et al. 2010). Indeed, several
studies on other TK-negative alphaherpesviruses have
demonstrated that lack of viral TK activity would not prevent
the establishment of latency, even by viruses with reduced
ability to replicate at the inoculation sites (Coen et al. 1989,
Mengeling 1991, Whetstone et al. 1992, Ferrari et al. 1998,
2000, Chen et al. 2004). Thymidine kinase-defective HSV-
1 mutants are severely impaired for replication in trigemi-
nal ganglia of mice, but are still able to establish latency
(Chen et al. 2004). The ability of TK-negative viruses to
reactivate latent infection, however, is usually severely
impaired and even completely abolished in some systems
(Coen etal. 1989, Jacobson et al. 1993, Tenser et al. 1996
Chen et al. 2004). Thus, our results corroborate previous
observations in other TK-defective alphaherpesviruses in
which latent infection is established but not reactivated.
The reasons for the inability of most TK-negative alphaher-
pesviruses to reactivate after an efficient establishment of
latency are not understood (Coen et al. 1989, Tenser et al.
1996, Ferrari et al. 1998, 2000, Chen et al. 2004).

In summary, the results presented herein demonstrate
that the recombinant BoHV-5TKA strain is able to replicate
in nasal mucosa - yet less efficiently than the parental
virus -, can invade and spread within the brain at certain
levels, without producing neurological sings. Moreover, the
recombinant is able to establish latent infection but is not
reactivated upon corticosteroid treatment. The biological
and molecular basis underlying the inability of this recom-
binant to reactivate from latency are currently under
investigation.
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