JOURNAL OF VIROLOGY, June 2006, p. 5571-5576
0022-538X/06/$08.00+0 doi:10.1128/JVI1.02589-05

Vol. 80, No. 11

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Influence of Pseudorabies Virus Proteins on Neuroinvasion and
Neurovirulence in Mice

Robert Klopfleisch,'* Barbara G. Klupp,' Walter Fuchs,' Martina Kopp,' Jens P. Teifke,”
and Thomas C. Mettenleiter'*

Institutes of Molecular Biology' and Infectology,” Friedrich-Loeffler-Institut, 17493 Greifswald-Insel Riems, Germany

Received 13 December 2005/Accepted 15 March 2006

Neurotropism is a distinctive feature of members of the Alphaherpesvirinae. However, its molecular basis
remains enigmatic. In the past, research has been focused mainly on the role of viral envelope proteins in
modulating herpesvirus neuroinvasion and neurovirulence (T. C. Mettenleiter, Virus Res. 92:192-206, 2003).
To further analyze the molecular requirements for neuroinvasion of the alphaherpesvirus pseudorabies virus
(PrV), adult mice were infected intranasally with a set of single- or multiple-deletion mutants lacking the UL3,
UL4, UL7, UL11, UL13, UL16, UL17, UL21, UL31, UL34, UL37, UL41, UL43, UL46, UL47, UL48, UL51, US3,
US9, glycoprotein E (gE), gM, UL11/US9, UL11/UL16, UL16/UL21, UL11/UL16/UL21, UL11/gE, UL11/gM,
ULA43/gK, UL43/gM, or UL43/gK/gM genes. Neurovirulence was evaluated by measuring mean survival times
compared to that after wild-type virus infection. Furthermore, by immunohistochemical detection of infected
neurons, the kinetics of viral spread in the murine central nervous system was investigated.

In their hosts, alphaherpesviruses infect a wide range of
cells. However, they also exhibit a marked neurotropism by
invasion of the peripheral and central nervous systems (CNS),
resulting in acute neurologic diseases and/or the establishment
of latency in neurons (46a, 47, 48). Pseudorabies virus (PrV), a
member of the genus Varicellovirus, is the causative agent of
Aujeszky’s disease. Pigs are considered the natural host since
they are the only animal species able to survive a productive
PrV infection (reviewed in reference 42). In mice, PrV shows
almost exclusively neurogenic infections of the CNS with ful-
minant central nervous symptoms and high mortalities (27).
After oronasal inoculation, which represents the natural route
of infection, PrV first replicates in the nasal epithelium. It then
enters free nerve endings of trigeminal as well as other sym-
pathetic, parasympathetic, and facial nerve neurons that inner-
vate the nasal mucosa (3). Replication in the cell bodies of
first-order neurons in the trigeminal ganglion (TG) is followed
by axonal transport to transsynaptically connected second-or-
der neurons in the afferent trigeminal nuclei of the brain stem,
which are the spinal trigeminal nucleus (Sp5), the mesence-
phalic trigeminal nucleus (MeS5), and the principal sensory
trigeminal nucleus (Pr5) (49). If the mice survive beyond that
point, the virus is carried on to synaptically connected neuronal
centers like the cerebral cortex.

Herpesvirus particles consist of four separate morphological
components, the inner nucleoprotein core, the icosahedral
capsid, the tegument, and the envelope (43). In the past, the
influence of PrV envelope proteins on viral neuroinvasion and
neurovirulence has been analyzed thoroughly (1-3, 6, 7, 17,
44). However, knowledge about the role of other structural and
nonstructural viral proteins in neuroinvasion is sketchy (18, 20,
21, 27, 31, 32, 44). In the present work, we describe and sum-
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marize the influence of the deletion of several tegument, mem-
brane-associated, and nonstructural proteins on neuroinvasion
and neurovirulence of PrV in mice.

MATERIALS AND METHODS

Viruses and cells. The virus mutants used in this study were derived from PrV
strain Kaplan (PrV-Ka) (26). PrV-Ka was used as the wild-type control, and the
live attenuated vaccine strain Bartha (PrV-Ba) was included as a virus with a
specific defect in anterograde spread (4, 9). The construction of deletion mutants
PrV-AUL3 (31), PrV-AUL4 (W. Fuchs et al., submitted for publication), Prv-
AUL7 (18), PrV-AULI11 (39), PrV-AULI6 (29), PrV-AUL17 (32), Prv-AUL21
(29), PrV-AUL31 (22), PrV-AUL34 (30), PrV-AUL37 (35), PrV-AULA43 (28),
PrV-AULA46 (40), PrV-AULA7 (40), PrV-AUL48 (19), PrV-AULS51 (33), Prv-
AUS3 (34), PrV-AgE (38), PrV-AgM (38), PrV-AUL11/UL16 (29), PrV-AULI16/
UL21 (29), PrV-AUL11/UL16/UL21 (29), PrV-AULI11/gE (38), PrV-AUL11/gM
(38), PrV-AULA43/gK (28), PrV-AUL43/gM (28), respective rescuants, and com-
plementing cell lines have been described elsewhere. Viruses were grown and
titrated in permanent porcine kidney cells or complementing rabbit kidney
(RK13) cells (for mutants lacking UL17, UL11/gM, UL31, UL34, UL37, or
ULA3/gK/gM).

Generation of US9 deletion mutants and rescuants. For the creation of mu-
tant PrV-AUSOF, a 285-bp AflIII fragment containing codons 4 to 97 of the US9
gene was removed by Red recombinase-mediated mutagenesis of the genome of
PrV-Ka cloned as a bacterial artificial chromosome in Escherichia coli as de-
scribed previously (10, 12, 39), followed by flp-recombinase-mediated excision of
the inserted selection marker, the kanamycin resistance gene (KanR), retaining
one copy, i.e., 36 bp, of the flp-recombinase recognition target (FRT) sequence.
A US9 and UL11 double-negative mutant was derived from pPrV-AUL11F,
which already contained an FRT site at the UL11 locus (39). In this case, a KanR
gene without additional FRT sites was permanently inserted at the US9 locus to
avoid undesired recombination events. Since US9 forms a 3’ coterminal tran-
scription unit with the upstream US8 gene encoding glycoprotein (gE) (36), an
artificial polyadenylation signal was introduced downstream of US8 to avoid the
impairment of gE expression by the US9 mutation. Finally, the bacterial vector
sequences at the gB loci of pPrV-AUS9F and pPrV-AUL11F/AUS9K were re-
placed by the authentic PrV gB gene after calcium-phosphate-mediated cotrans-
fection of RK13 cells with bacterial artificial chromosome and plasmid DNA as
described previously (23, 24, 39). US9 rescue mutants were isolated after co-
transfection with a cloned 4,623-bp BamHI/Sall subfragment of BamHI frag-
ment 7, which contains the US9 gene, and dot blot hybridization. Immunofluo-
rescence and immunoblotting using a rabbit anti-US9 antiserum (kindly provided
by L.W. Enquist, Princeton, N.J.) and an anti-UL11 antiserum (39) were used to
verify the absence of the US9 and/or UL11 proteins (data not shown).
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Construction of PrV-AUL13B. For the construction of a mutant lacking
codons 17 to 352 of the UL13 gene, regions up- and downstream of the open
reading frame were amplified by PCR from BamHI fragment 3 using pfx DNA
polymerase (Invitrogen) and primers UL14for (5'-CACAAAGCTTCGGTGGC
GCGCTCGGCG-3'; nucleotides [nt] 76336 to 76352; accession no. BK001744
[36]) and UL14rev (5'-CACAGTCGACGCGCCAGCGCGGCCCG-3'; nt 77561 to
77546; accession no. BK001744) as well as UL12for (5'-CACAGGATCCCTGGC
CGCCGGCTTCCGC-3'; nt 78569 to 78586; accession no. BK001744) and UL12rev
(5’-CACAGAATTCGGGGCCGGGCTCGCCGAC-3'; nt 80209 to 80192; acces-
sion no. BK001744) (underlined are HindIII/Sall sites for the ULI4 region and
BamHI/EcoRlI sites for the UL12 region). The PCR products were cleaved with the
corresponding restriction enzymes for which recognition sites were introduced with
the primers and subsequently cloned into the appropriately cleaved vector pUC19
(New England Biolabs). The Sall and BamHI sites were then used for the intro-
duction of a BamHI/Sall B-galactosidase expression cassette (45). The resulting
plasmid pUC-AUL13B was cotransfected with PrV-Ka DNA into RK13 cells by
calcium phosphate coprecipitation (24). Plaques which were stained blue under a
BluoGal overlay were picked by aspiration and further purified to homogeneity. One
plaque isolate, named PrV-AUL13p, was randomly selected for further analy-
sis. The UL13 rescue mutant PrV-AULI13R was isolated after the cotransfection
of RK13 cells with DNA of PrV-AUL13p and a plasmid containing a genomic
5.1-kb Sall/KpnlI fragment of PrV-Ka DNA (nt 75781 to 80874; accession no.
BK001744) comprising the UL14 to UL11 gene region (36).

Generation of PrV-AUL41 and PrV-AUL41R. For the generation of a mutant
lacking codons 21 to 349 of the UL41 gene, a 3.9-kb BstXI subfragment of
BamHI fragment 2 containing the complete UL41 open reading frame and
flanking regions was cloned after blunt-end treatment with T4 DNA polymerase
into Smal-cleaved vector pUC19 (NEB). UL41 flanking regions were PCR am-
plified by pfx polymerase using primers UL41d1 (5'-CACAAAGCTTCTCCGC
CGCGGACGACCTC-3'; nt 49154 to 49172; accession no. BK001744) and
UL41d2 (5'-CACAGGATCCACCAGGCCGTCCTCATGGCG-3'; nt 50456 to
50437; accession no. BK001744) as well as UL41d3 (5'-CACAGGTACCGCCT
CCGAGCGCCCAGACG-3'; nt 51440 to 51459; accession no. BK001744) and
UL41d4 (5'-CACAGAATTCGACCCCGGCGCTGGAGGAG-3'; nt 52320 to
52304; accession no. BK001744). The resulting PCR fragments were cleaved with
restriction enzymes for which recognition sites were provided by the respective
primers (underlined), i.c., HindIII and BamHI for fragment AUL41 1-2 and
KpnlI and EcoRI for AULA41 3-4. Both PCR fragments were subsequently cloned
into appropriately cleaved vector pUC19, resulting in plasmid pUC-AUL41 d1-4.
Between both PCR fragments a BamHI/Kpnl green fluorescent protein expres-
sion cassette was inserted. Sequencing of the cloned PCR products revealed that
the product of UL41 d1/2 was shorter than expected and ended at nucleotide
position 50369 instead of 50456. However, for the generation of the ULA41
deletion mutant, this was of no relevance and ignored. Subsequently, pUC-
AUL41GFP was cotransfected with genomic DNA of PrV-Ka into RK13 cells.
Green fluorescent plaques were picked and purified to homogeneity, and one
plaque isolate, PrV-AUL41G, was further studied. A UL41 rescuant, PrV-
AULA1R, was generated by cotransfection of RK13 cells with PrV-AUL41G viral
DNA and plasmid pUC-BstXI3.9 followed by the isolation of nonfluorescent
plaques.

Generation of PrV-AgK/43G/M. For the generation of a mutant simulta-
neously lacking UL43, gK and gM DNA of PrV-AgK/UL43G (28) was cotrans-
fected with plasmid pAUL10B (15) into RK13-gK cells (13) and transfection
progeny was screened for blue plaque phenotypes. One isolate, designated PrV-
AgK/43G/MB, was further characterized.

Determination of plaque size and one-step growth analysis. For the determi-
nation of plaque sizes, RK13 cells were infected with the different viruses and
incubated for 2 days in semisolid medium. Subsequently, cells were fixed with 5%
formalin and stained with crystal violet. For each virus strain, 30 to 50 plaques
were measured microscopically in three independent experiments and the plaque
diameter was determined relative to the plaque size of PrV-Ka, which was set at
100%. To monitor kinetics of viral replication, RK13 cells were infected with a
multiplicity of infection of 5 for 1 h at 4°C. By replacing the inoculum with
prewarmed medium, the virus was allowed to penetrate for 1 h at 37°C. Non-
penetrated virus was inactivated by a low-pH treatment (41). After incubation for
0,4, 8,12, 24, and 36 h at 37°C, infected cells and supernatant were removed and
plated in serial dilutions onto RK13 cells. Final titers were recorded at 36 h
postinfection (p.i.).

Animal experiments. The influence of the deletions on viral neuroinvasion was
investigated in a mouse model as described previously (27). For all experiments,
6- to 8-week-old CD1 mice were used. To analyze mean survival times, 10
animals were inoculated with each of the various deletion mutants or PrV-Ka
and 3 animals were inoculated with each of the rescue mutants. Five microliters
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of the respective virus suspension containing 10° PFU was intranasally instilled
bilaterally into anesthetized mice as described previously (27). Animals were
observed twice a day for a period of 14 days or euthanized for animal welfare
reasons when severe clinical symptoms were observed (27). The kinetics of viral
spread were investigated by the euthanasia of an additional three mice every 24 h
after inoculation. After necropsy, the head, including brain and trigeminal gan-
glia, and the spinal cord were fixed in neutral buffered 4% paraformaldehyde.
Fixed tissues were embedded in Histosec (Merck) and cut in transversal serial
paraffin sections. Immunohistochemistry was performed to detect the PrV anti-
gen in paraffin sections. To this end, a rabbit antiserum specific for the PrV major
capsid protein, the UL19 gene product, was used (27). For the visualization of
antibody binding, the avidin-biotin complex method was performed (25). Parallel
sections of healthy mice were used as antigen-negative tissue controls to monitor
the specificity of the rabbit anti-UL19 serum. The location of the infected nuclei
in the brain stem and pons was determined according to the method of Paxinos
and Franklin (46).

RESULTS

Neurovirulence and kinetics of viral spread of PrV-Ka. The
inoculation with PrV-Ka led to a mean time to death of 49 h
p.i. (Table 1), which was highly reproducible (27). PrV UL19
antigen was detectable in respiratory epithelial cells of the
nasal mucosa and in first-order trigeminal neurons (trigeminal
ganglia) at 24 h p.i. (see Fig. 2). The infection of second-order
trigeminal neurons of the brain stem and the pons was detect-
able at 49 h p.i. PrV antigen was found mainly in the caudal
part of the trigeminal nucleus (SpSC; bregma —5.68 to —8.24)
and in the mesencephalic (Me5; bregma —4.16 to —5.20) and
pontine (Pr5; bregma —4.84 to —5.68) trigeminal nuclei. Be-
sides the infection of neurons of the trigeminal circuit, an
infection of sympathetic neurons in the cervical cranial gan-
glion (GCC) and of parasympathetic neurons in the pterygo-
palatinum ganglion (GPP) was observed in all mice at 49 h p.i.
Furthermore, neurons of the facial nucleus (NF; bregma —5.68
to —6.48) and the solitary tract nucleus (bregma —6.24 to
—8.24) were infected constantly at 49 h p.i. No antigen was
detectable in neurons of the ventral posteriomedial thalamic
nucleus (VPM; bregma —1.06 to —2.54) or neurons of the
ectorhinal (ECT, bregma 0.98 to —1.82) and lateral entorhinal
(LENT, bregma —2.90 to —3.80) cortex. In sections of the
lung, liver, spleen, kidney, and heart no viral antigen was de-
tectable.

Analysis of PrV mutants deleted in UL3, UL4, gM, UL11,
UL13, UL21, UL41, UL43, UL43/gM, UL46, UL47, UL51, and
US3. Deletion of these genes resulted in increased mean times
to death ranging between 51 and 71 h p.i. (Fig. 1 and Table 1),
which correlates with a slower neuroinvasion. Trigeminal first-
order neurons were found infected between 1 and 2 days p.i,
and second-order neurons were found infected between 2 and
3 days p.i. Additionally, the infection of NF, GCC, and GPP
was found from 2 days p.i. onwards. However, neurons of the
cerebral cortex and the VPM remained uninfected. Thus, the
deletion of these genes had a slight to moderate influence on
neuroinvasion and neurovirulence.

Analysis of PrV mutants deleted in UL7, UL16, UL48, US9,
gE, UL11/UL16, UL16/UL21, UL11/UL16/UL21, UL11/US9,
UL11/gE, and UL43/gK. In mutant viruses lacking UL7, US9,
or gE, the mean time to death ranged between 70 and 72 h
(Fig. 1 and Table 1). However, in mice infected with these
mutants, in addition to cells in the nasal respiratory epithelium,
the TG (2 days p.i.), and the Sp5C (3 days p.i.), PrV antigen
was also detectable in single neurons of the VPM and the
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TABLE 1. Mean time to death and time points of appearance of PrV UL19 antigen in mice infected experimentally
with PrV-Ka, PrV-Ba, and PrV deletion mutants®
THC positive at indicated day p.i.
Prv Titqr Pla_que Mean time to_ death, -

reduction” size¢ (%) hours p.i.4 Nasal First-order Second-order ECT/

cavity neurons neurons LENT
Ka 100 49 (1.6) 1 1 2 —
Ba 5 50 100 (2.3) 1 2 3 5
AUL3 0 100 51 (1.6) 1 1 2 —
AUL4 5 100 54 (3.3) 1 1 2 —
AUL7 10 40 70 (3.2) 1 2 3 3
AULI11 10 40 67 (1.7) 1 2 3 —
AUL13 10 80 57 (1.5) 1 2 2 —
AULI16 10 35 81 (2.6) 1 2 3 4
AUL17 10 10 >336 1 — — —
AUL21 10 50 71 (1.6) 1 2 3 —
AUL31 10 20 >336 1 — — —
AUL34 5 X% 10? 20 >336 1 — — —
AUL37 10? 50 >336 1 — — —
AULA1 10 80 68 (2.1) 1 2 3 —
AULA3 5 90 52 (1.8) 1 1 2 —
AULA46 0 70 51 (2.0) 1 1 2 —
AULA7 10 70 57 (1.8) 1 2 2 —
AULA8 10° 40 126 (3.8) 1 3 4 5
AULS1 10 30 64 (1.4) 1 2 3 —
AUS3 10 90 56 (1.6) 1 2 2 —
AUS9 10 100 72 (3.0) 1 2 3 3
AgE 0 70 72 (2.3) 1 2 3 3
AgM 50 80 62 (1.8) 1 2 3 —
AUL11/US9 10 40 122 (3.3) 1 3 4 5
AUL11/UL16 50 40 83 (1.8) 1 2 3 4
AUL16/UL21 10° 40 131 (5.6) 1 3 4 5
AUL11/UL16/UL21 10? 40 137 (5.29) 1 3 4 5
AULI11/gE 10 90 122 (3.2) 1 3 4 5
AULI11/gM 10° 5 >336 1 — — —
AULA43/gK 10? 10 140 (5.5) 1 3 4 5
AULA3/gM 50 80 63 (1.9) 1 2 2 —
AUL43/gK/gM 5 % 10? 10 >336 1 — — —

“ Nasal cavity: respiratory mucosal epithelium; first-order neurons: trigeminal ganglion; second-order neurons: spinal trigeminal nucleus (Sp5), mesencephalic trigeminal
nucleus (Me5), and principal sensory trigeminal nucleus (Pr5); ECT/LENT, ectorhinal/lateral entorhinal cortex.

® The reduction in titer (n-fold) on RK13 cells compared to titers of wild-type PrV-Ka is indicated.

¢ Plaque sizes on RK13 cells are indicated compared to those of wild-type PrV-Ka, which had been set as 100%.

4 Mean time to death is given. Numbers in brackets indicate standard deviations.

¢ Kinetics of infection as analyzed by immunohistochemistry (IHC). Given are the numbers of days p.i. when PrV antigen-positive cells were first observed. —, virus
infection did not reach this neuronal level.

LENT and ECT cortex after 3 days. Apparently, around 70 h
p-i. is a critical time point since in animals that survived for this
period of time, infection was able to reach the cerebral cortex
(Table 1). This extent of neuroinvasion had not been observed
with either the wild-type PrV-Ka or the mutant viruses de-
scribed above.

Animals infected with mutants lacking UL16 or UL11/16
exhibited a mean time to death of 81 or 83 h, respectively (Fig.
1 and Table 1). Thus, the additional deletion of UL11 did not
significantly increase the mean time to death and did not
change the anatomical pattern of neuroinvasion beyond that of
the UL16 single deletion. Apparently, the effects of single
deletions of UL11 and UL16 do not cumulate in the double
deletion, indicating that both may be involved in a similar
function in PrV neuroinvasion. The same is true for plaque
sizes in vitro (Table 1), whereas titers in cell culture decreased
a further fivefold in the absence of both proteins over the
single-deletion mutants (Table 1). CNS infection also reached
the cerebral cortex after 4 days p.i. This demonstrates that
these mutants possess neuroinvasive potential which allows

them to travel to higher areas of the brain. In contrast, PrV-Ka
is not able to reach these higher neuronal centers due to early
death of the animals. Strictly speaking, the less neurovirulent
the viruses are, the higher their neuroinvasiveness. Mice in-
fected with PrV-Ba survived on average to 100 h p.i. The
kinetics of viral invasion of the CNS and distribution of viral
antigen were similar to those observed with the PrV mutants
described above.

The increase in neuroinvasion was even more pronounced in
the mutants PrV-AULA4S, PrV-AUL11/US9, PrV-AULI16/
UL21, PrV-AUL11/UL16/UL21, PrV-AUL11/gE, and PrV-
AULA43/gK. Mean survival times ranged from 122 to 140 h p.i.,
which was even higher than that observed after infection with
the live attenuated vaccine strain PrV-Ba (Fig. 1). In mice
infected with these mutants, the entry into neuronal circuits
and establishment of an infection of first-order neurons was
significantly delayed. Infection of the TG, GCC, GPP, or NF
was observed only after 3 days p.i. and, thus, 48 h later than
after infection with wild-type PrV-Ka. Again, thalamic neurons
were infected slightly later at 4 days p.i. Cerebral neurons of
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FIG. 1. Mean survival times of mice (n = 10) that were inoculated intranasally with 10° PFU of the respective virus strain. Mice were observed
for a maximum of 336 h p.i. Standard deviations are indicated by error bars.

the ECT and LENT were invariably found infected at 5 days UL31, UL34, UL37, UL11/gM, or UL43/gK/gM genes exhib-
p.i. (Fig. 2), which supports the previous finding of an inverse ited titer reductions in cell culture of between 100- and 10,000-
correlation between neurovirulence and neuroinvasiveness. fold, necessitating the use of complementing cells for produc-

Analysis of mutants devoid of UL17, UL31, UL34, UL37, tive replication in vitro. This already indicated that the missing
UL11/gM and ULA43/gK/gM. Mutant viruses lacking UL17, gene products are very important for viral replication. The

ECT/ILENT
P a™™

nasal epithelium

PrV-AUL51

PrV-AUL43/gK

FIG. 2. Immunohistochemistry for the detection of PrV UL19 antigen in mice after intranasal inoculation with PrV-Ka, PrV-AULS1, and
PrV-AULA43/gK in the nasal epithelium, trigeminal ganglion, spinal trigeminal nucleus, and the ectorhinal and lateral entorhinal cortex at mean
time to death. No differences in the extent of neuronal infection in the TG or Sp5 were observed. Magnification, X150.
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observed in vitro replication defects of these mutants parallel
their inability to produce clinical symptoms within the ob-
served time period of 14 days p.i. after intransal infection of
the mice. By histological examination, single infected nasal
epithelial cells were observed, but no antigen was detectable in
neurons (data not shown). Thus, the lack of neuroinvasion and
neurovirulence correlated with the defects of these mutants
during replication in cell culture. Obviously, the requirement
for these gene products is similar in vitro and in vivo. However,
it is interesting to note that several mutant viruses with similar
reductions in titers in vitro, such as PrV-AUL16/UL21, PrV-
AUL11/UL16/UL21, PrV-AULA43/gK, or PrV-AULAS, were
still able to invade the CNS and the infected mice succumbed
to the infection. Thus, it will be interesting in future experi-
ments to directly compare mutant virus pairs with similar in
vitro, but different in vivo, phenotypes.

Rescue mutants. Inoculation of the mice with rescuants of
all single-deletion mutants led to mean times to death of be-
tween 49 to 52 h p.i. The kinetics of viral invasion of the CNS
as well as the infected neuronal centers were identical to those
observed with PrV-Ka (see above).

DISCUSSION

In this work, we provide a comprehensive evaluation of the
neuroinvasive properties and the kinetics of transsynaptic
propagation of a wide range of PrV deletion mutants in struc-
tural and nonstructural proteins in the mouse by analysis of
mean survival times and immunohistochemistry studies. For
most of the mutants, a more or less striking defect in viral
replication in nonneuronal cells in culture was found to corre-
late with a proportional increase in survival times (5, 14, 18, 22,
28, 30, 33-35, 37-40) (Table 1). We demonstrate that most of
the analyzed deletions only slightly hampered neuroinvasion
and neurovirulence. Nevertheless, several deletion mutants
displayed a marked attenuation or a total block of neuroviru-
lence. As reported earlier, the decrease in neurovirulence in
most cases was inversely proportional to the capacity for neuro-
invasion (16).

Intranasal inoculation of the mice resulted in exclusive in-
fection of nasal and pharyngeal epithelial cells but not of cells
in the tracheal or pulmonary mucosa (data not shown). This
led to an infection of neurons of the sympathetic, parasympa-
thetic, facial and trigeminal circuits. Therefore, our infection
model does not allow differentiation between anterograde and
retrograde spread. PrV-Ba as well as PrV mutants lacking gE
or US9 are known to be deficient specifically in anterograde
spread (1, 6, 9, 16) but exhibited no differences in the distri-
bution and kinetics of viral spread compared to those of sev-
eral other mutant viruses after intranasal inoculation. Other in
vitro and animal models like the trichamber tissue culture
system or intraocular or cutaneous murine flank inoculation
models need to be used to investigate whether the observed
defects in neuroinvasion are specific for either retrograde or
anterograde movements (6, 8, 11). A loss of virus after inocu-
lation by sneezing or swallowing was either not present or did
not influence the outcome of the experiment since mean times
to death were surprisingly constant, with only marginal stan-
dard deviations, and kinetics as well as pattern of neuroinva-
sion within the respective groups were highly reproducible.
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Taken together with the in vitro data, for most of the mu-
tants, the delay of viral spread to the different neuronal levels
of the trigeminal circuit seems to be caused by a defective viral
replication in neurons. Nevertheless, several mutants, espe-
cially PrV-AUL11/US9, PrV-AUL11/gE, PrV-AUL11/UL16/
UL21, PrV-AULA43/gK, and PrV-AULA4S, showed a phenotype
in neuroinvasion that was not anticipated from their in vitro
behavior. PrV-AUL11/US9 and PrV-AUL11/gE were only
slightly impaired in vitro but exhibited a significantly increased
mean time to death in vivo. Relative to PrV-AUL31, PrV-
AUL34, PrV-AUL37, and PrV-AULA43/gK/gM, the deletion
mutants PrV-AUL11/UL16/UL21, PrV-AULA43/gK, and PrV-
AULAS were comparably impaired in vitro but in contrast to
the former were still able to enter and spread in the CNS. In
these cases, neuron-specific effects in axonal transport, trans-
synaptic spread, or possibly immune response or induction of
neuronal apoptosis might influence these in vivo phenotypes.
So far, for only gE has a direct function in promoting clinical
symptoms and death been described (50) and US9 has been
shown to be involved in axonal transport of virions (51).

The neuroinvasion of deletion mutants in the UL17, UL31,
UL34, UL37, UL11/gM, and UL43/gK/gM genes was blocked
completely. This correlated well with the observations that
these mutants showed severe defects in replication and inter-
cellular spread in vitro. Although all of them were able to
infect at least individual respiratory epithelial cells, none of
them were able to overcome the epithelial barrier and establish
a productive infection of neuronal tissue. Thus, the presence of
these proteins is essential for neurovirulence in mice.

Further investigations are in progress to analyze in detail the
molecular mechanisms of the contribution of the other pro-
teins on neuroinvasion and neurovirulence of PrV.
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