
JOURNAL OF VIROLOGY,
0022-538X/00/$04.0010

Jan. 2000, p. 834–845 Vol. 74, No. 2

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Role of Pseudorabies Virus Us9, a Type II Membrane Protein,
in Infection of Tissue Culture Cells and the

Rat Nervous System
A. D. BRIDEAU,1 J. P. CARD,2 AND L. W. ENQUIST1*

Department of Molecular Biology, Princeton University, Princeton, New Jersey 08544,1 and Departments of
Neuroscience and Psychiatry, University of Pittsburgh, Pittsburgh, Pennsylvania 152602

Received 19 July 1999/Accepted 25 October 1999

The protein product of the pseudorabies virus (PRV) Us9 gene is a phosphorylated, type II membrane
protein that is inserted into virion envelopes and accumulates in the trans-Golgi network. It is among a linked
group of three envelope protein genes in the unique short region of the PRV genome which are absent from the
attenuated Bartha strain. We found that two different Us9 null mutants exhibited no obvious phenotype after
infection of PK15 cells in culture. Unlike those of gE and gI null mutants, the plaque size of Us9 null mutants
on Madin-Darby bovine kidney cells was indistinguishable from that of wild-type virus. However, both of the
Us9 null mutants exhibited a defect in anterograde spread in the visual and cortical circuitry of the rat. The
visual system defect was characterized by restricted infection of a functionally distinct subset of visual
projections involved in the temporal organization of behavior, whereas decreased anterograde spread of virus
to the cortical projection targets was characteristic of animals receiving direct injections of virus into the
cortex. Spread of virus through retrograde pathways in the brain was not compromised by a Us9 deletion. The
virulence of the Us9 null mutants, as measured by time to death and appearance of symptoms of infection, also
was reduced after their injection into the eye, but not after cortical injection. Through sequence analysis,
construction of revertants, measurement of gE and gI protein synthesis in the Us9 null mutants, and mixed-
infection studies of rats, we conclude that the restricted-spread phenotype after infection of the rat nervous
system reflects the loss of Us9 and is not an indirect effect of the Us9 mutations on expression of glycoproteins
gE and gI. Therefore, at least three viral envelope proteins, Us9, gE, and gI, function together to promote
efficient anterograde transneuronal infection by PRV in the rat central nervous system.

Pseudorabies virus (PRV) is a neurotropic alphaherpesvirus
of the Herpesviridae family that is able to infect neurons of both
the peripheral and central nervous systems of a wide variety of
mammals and birds (4, 39). When PRV replicates and spreads
in the nervous system, it acts as a self-amplifying tracer of
synaptically connected neurons (10, 16). Integral to this pro-
cess is the demonstrated ability of the virus to exploit the
polarized cellular architecture of neurons and move through-
out the brain of a host organism. Thus, assays of the spread of
virus through the brain naturally incorporate a determination
of the direction of viral transport through a circuit. Direction in
the nervous system is defined by the terms “anterograde” and
“retrograde,” which can be used to describe directional move-
ment of virus inside a cell as well as the spread of virus between
synaptically connected neurons. We use the terms anterograde
spread and retrograde spread in this report to describe move-
ment of virus between synaptically connected neurons. Spread
from the primary infected neuron to the second-order unin-
fected neuron in the direction of the nerve impulse is taken
to be anterograde spread. Spread in the opposite direction,
against the direction of the nerve impulse, is described as
retrograde spread. In this report, both of these terms are used
to describe the direction of transynaptic viral transport through
two model circuits that we have developed to study the role of
PRV-encoded envelope proteins in directional spread of virus
in the rat nervous system.

Hints that viral gene products affect the direction of spread

in herpesvirus neuronal infections come from several studies.
For instance, differential-spread patterns for two strains of
herpes simplex virus type 1 (HSV-1) have been noted both in
the primate motor system and in the murine optic pathway (17,
46). However, neither of these phenotypes has yet been asso-
ciated with specific HSV-1 gene products. Studies in our lab-
oratory have demonstrated that an attenuated PRV strain
called PRV Bartha selectively infects a restricted subset of
neurons in the rat visual system (12) and the rat prefrontal
cortex (PFC) (9). Similarly, Rotto-Percelay and colleagues (40)
demonstrated a restricted invasion by PRV Bartha of neurons
innervating the gastrocnemius muscle of rats. In that analysis,
virus replicated efficiently in motor and autonomic neurons
innervating the muscle but did not replicate in neurons in the
dorsal root ganglia (DRG) that provide the sensory innerva-
tion of the muscle. Importantly, PCR analysis in that study
demonstrated PRV DNA in the sensory neurons. We have
further demonstrated that wild-type virus (PRV Becker), but
not PRV Bartha, injected into neck musculature of a cat rep-
licates efficiently in DRG neurons serving the inoculated mus-
cles (8). Several laboratories have demonstrated that the ab-
sence of the gE and gI genes from PRV Bartha accounts for
the restricted spread in neurons in a variety of animal models
(1, 3, 10, 12, 22, 25, 26, 29, 31, 45).

The PRV Bartha strain carries a large deletion in the unique
short region of the genome that removes not only the gE and
gI coding sequences but also all of the Us9 gene and part of the
Us2 coding sequences (27, 29, 34). While the phenotypes of
individual null mutants of gE, gI, and Us2 have been analyzed,
the phenotype of a PRV Us9 null virus in an otherwise wild-
type background has never been reported. All previously char-
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acterized Us9 mutant viruses contained additional mutations,
especially in the neighboring genes, the gI and gE genes (30,
32, 35–37, 43). Therefore, to determine the Us9 null phenotype
in vitro and in vivo, we constructed two isogenic strains of PRV
Becker containing defined mutations in the Us9 gene. PRV
160 contains a nonsense mutation at amino acid 4, and PRV
161 contains a deletion removing the majority of the Us9 gene
open reading frame. In this report, we used these two mutants
and their revertants to determine if the Us9 protein plays any
role in infection of standard tissue culture cell lines and in
directional transneuronal infection of the rodent nervous sys-
tem by using two well-characterized models of PRV invasive-
ness. We demonstrate that while mutants lacking the PRV Us9
gene have no obvious phenotypes in tissue culture cells, the
mutants are defective in anterograde spread in visual and cor-
tical circuitry.

MATERIALS AND METHODS

Virus strains and cells. Pig kidney (PK15) cells and Madin-Darby bovine
kidney (MDBK) cells were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). All viruses used in
this study were propagated on PK15 cells in DMEM containing 2% FBS as
previously described (45). PRV 91 contains a deletion removing the gE gene
open reading frame and has been described previously (11). PRV 98 contains a
deletion removing the gI gene open reading frame (45).

Antisera. The rabbit polyvalent and mouse monoclonal Us9 antisera have
been described previously (5, 6). The gE monoclonal pool (M133, M138, M156)
was received from T. Ben-Porat. The rabbit polyvalent gE and gI antisera were
kindly provided by K. Bienkowska-Szewczyk (University of Gdansk). Rb133 is a
rabbit polyvalent antiserum against acetone-inactivated PRV Becker and recog-
nizes all of the major envelope glycoproteins (11). The polyvalent goat PRV gB
(Ab 284) antiserum has been described previously (38).

Virus construction and characterization. (i) Construction of PRV 160 and
PRV 161. PRV 160 is an isogenic strain of PRV Becker which does not express
the Us9 protein due to insertion of a nonsense codon at amino acid 4 in the Us9
open reading frame (Fig. 1). To construct PRV 160, a transfer vector in which the
phenylalanine (TTC) codon at position 4 of the Us9 open reading frame was
changed to a nonsense stop codon (TAA) by site-directed mutagenesis was first

engineered. Specifically, oligonucleotide mutagenesis was performed with the
Altered Sites kit (Promega) on plasmid pRS3 containing the SphI-MluI region of
the PRV BamHI 7 fragment (41). The oligonucleotide (Us9 AflII-1) used to
introduce the nonsense stop codon at position 4 also introduced a unique AflII
restriction enzyme site at position 3 of the Us9 open reading frame. Addition of
the AflII site facilitated the screening of mutated clones and the confirmation of
recombinant viruses. The mutagenized pRS3 plasmid was digested with restric-
tion enzymes SphI and MluI to release a 1,004-bp fragment containing the Us9
gene with the nonsense stop codon at position 4. This fragment was then used to
replace the SphI-MluI fragment of pPH2, and the resulting plasmid was named
pAB24. pPH2 contains the SalI-MluI region of the PRV Becker BamHI 7
fragment encompassing a portion of the gD gene; the gI, gE, and Us9 genes; and
the 59 end of the Us2 gene. The nucleotide sequence of the mutagenized SphI-
MluI fragment was confirmed by DNA sequencing with Sequenase (United
States Biochemical). The pAB24 transfer vector was cotransfected by the calcium
phosphate method (18) with PRV 91 viral DNA, in which the gE sequences are
deleted, and the infected cells and medium were collected when total cytopathic
effect was observed. The virus stock was replated onto PK15 cells, and recom-
binant viruses were screened for gE expression by an immunoreactivity assay
with a gE monoclonal pool. gE immunoreactive plaques were picked and plaque
purified five times.

PRV 161 is an isogenic strain of PRV Becker which does not express the Us9
protein due to a 258-bp deletion (from a total of 294 bp in the Us9 gene open
reading frame) removing the nucleotide sequence encoding amino acids 4
through 89 of the Us9 gene open reading frame (Fig. 1). To construct PRV 161,
a transfer vector was constructed by site-directed mutagenesis on plasmid pRS3
as described above for the construction of PRV 160. As for PRV 160, oligonu-
cleotide Us9 AflII-1 was used to introduce an AflII restriction site at position 3
followed by a nonsense codon at position 4 in the Us9 gene open reading frame.
In addition, a second oligonucleotide (Us9 AflII-2) was used in the same mu-
tagenesis reaction to introduce an additional AflII site near the 39 end of the Us9
gene at position 89. The resulting mutagenized plasmid, therefore, contained an
AflII restriction site at both the 59 and 39 ends of the Us9 gene. Digestion of the
doubly mutagenized plasmid with AflII released a 258-bp fragment containing
the majority of the Us9 gene. The AflII-digested plasmid was then self-ligated,
resulting in a plasmid with base pairs 8 through 267 of the Us9 gene deleted. The
SphI-MluI fragment of this plasmid was then used to replace the corresponding
fragment of pPH2, thereby constructing the final transfer vector, pAB25. Plasmid
AB25 was cotransfected with PRV 91 viral DNA, and gE-immunoreactive
plaques were picked and plaque purified as described above for PRV 160.

(ii) Construction of PRV 160 and PRV 161 revertants. PRV 160R and PRV
161R are isogenic strains of PRV 160 and PRV 161, respectively, in which the
mutated Us9 gene was replaced with wild-type Us9 gene sequences by homolo-
gous recombination. PRV 160R and PRV 161R were created by cotransfection
of either PRV 160 or PRV 161 viral DNA and a gel-purified SphI-MluI PRV
Becker fragment. The 1,004-bp SphI-MluI fragment spans from the gE gene
cytoplasmic tail to the beginning of the Us2 gene. Recombinant viruses were
screened for with a black-plaque immunoreactivity assay with polyvalent Us9
antiserum. Both PRV 160R and PRV 161R were subjected to five rounds of
plaque purification.

(iii) Southern blot analysis. Southern blot analysis was used to confirm the
desired mutations in all the viruses described above. Both the nonsense mutation
in PRV 160 and the deletion in PRV 161 created a novel AflII site in the Us9
gene. For PRV 160, digestion of the BamHI 7 fragment with AflII converts a
6,613-bp fragment to two fragments of 5,708 and 905 bp. For PRV 161, the
6,355-bp BamHI 7 fragment is cleaved by AflII into a 5,708-bp fragment and a
647-bp fragment. PRV 160R and PRV 161R were examined by Southern blot
analysis for the loss of the unique AflII site in the BamHI 7 fragment.

(iv) Black-plaque immunoreactivity assay. Monolayers of PK15 cells were
infected with virus to yield approximately 500 plaques per 10-cm-diameter dish
and were overlayed with DMEM containing 1% Methocel and 2% FBS. After
approximately 48 h, the Methocel solution was aspirated and the plaques were
washed three times with phosphate-buffered saline (PBS). The plaques were then
incubated in primary antibody for 1 h at room temperature on a rocking plat-
form. For gE immunoreactivity assays, the gE monoclonal pool was first mixed
1:1:1 and then diluted 1:10 in PBS containing 3% bovine serum albumin (BSA).
For Us9 immunoreactivity assays, the rabbit polyvalent Us9 antiserum was di-
luted 1:200 in PBS plus 3% BSA. After incubation with the primary antibody, the
plaques were washed three times with PBS and incubated in a peroxidase-labeled
goat anti-mouse (gE monoclonal pool) or anti-rabbit (Us9) secondary antibody
(Kirkegaard and Perry) diluted 1:200 in PBS plus 3% BSA. Following a 1-h
incubation in the secondary antibody, the plates were rinsed three times with
PBS and the immunoreactive plaques were detected by the addition of a detec-
tion solution containing 10 mg of 4-chloro-1-naphthol (Sigma)/ml and 0.3%
hydrogen peroxide. Positive plaques were picked and resuspended in 1 ml of
DMEM plus 2% FBS.

(v) Plaque size determination. Monolayers of MDBK cells in 60-mm-diameter
dishes were infected with virus to yield approximately 200 plaques per dish. After
approximately 48 h of infection, the plaques were visualized by a black-plaque
immunoreactivity assay with gB antiserum (1:200). The assay was performed
essentially as described above except that the plaques were first treated with 2%
paraformaldehyde for 10 min at room temperature to fix the cells prior to

FIG. 1. PRV genome and map of virus strains used in this study. The BamHI
7 fragment of the unique short (US) region is expanded to show the genes
contained in this fragment. The US deletion of PRV Bartha (Ba) is indicated by
a black box. PRV 91 contains a deletion removing the gE coding sequences. PRV
98 is a gI null virus. PRV 160 contains a nonsense stop mutation (stop) at
position 4 in place of a phenylalanine residue (F) in the Us9 open reading frame.
PRV 161 contains a 258-bp deletion in the Us9 open reading frame. Relevant
restriction enzyme sites used in construction of the various recombinant viruses
are indicated. UL, unique long region; PRV Be, PRV Becker; IR, internal repeat.
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addition of the primary antibody (diluted in PBS containing 3% BSA and 0.5%
saponin). The diameters of 20 random immunoreactive plaques were measured
on an Olympus inverted microscope with an ocular reticule.

(vi) Western blot analysis. Monolayers of PK15 cells were infected with PRV
Becker, PRV 160, PRV 161, PRV 160R, or PRV 161R at a multiplicity of
infection (MOI) of 10. At 15 h after infection, the cells were washed with PBS
and harvested in lysis buffer (150 mM NaCl, 10 mM Tris [pH 7.8], 1% Triton
X-100, 1% sodium deoxycholate). Viral particles were isolated from the medium
of infected cells by centrifugation through sucrose as described previously (5).
Approximately 10 mg of total cellular extract or 1 mg of purified virions was
separated on a sodium dodecyl sulfate (SDS)–12.5% polyacrylamide gel and
transferred to nitrocellulose (Amersham) by a semidry transfer apparatus. The
Us9, gE, and gI proteins were visualized by incubation of the nitrocellulose with
primary antibodies followed by enhanced chemiluminescence detection (Super-
Signal; Pierce).

Animal infections. (i) Animals. Adult male Sprague-Dawley rats weighing 210
to 290 g were used in this assay. The photoperiod was standardized to 14 h of
light and 10 h of dark (light on at 0600 h). Food and water were freely available
throughout the experiments. Experimental protocols were approved by the An-
imal Welfare Committees at Princeton University and the University of Pitts-
burgh and were consistent with the regulations of the American Association for
Accreditation of Laboratory Animal Care and those in the Animal Welfare Act
(Public Law 99-198). During the course of the experiment, all animals were
confined to a biosafety level 2 laboratory and experiments were conducted with
the specific safeguards noted by Enquist and Card (14). Animals were deeply
anesthetized by intraperitoneal or intramuscular injection of ketamine (60 mg
per kg of body weight) and xylazine (7 mg/kg) prior to all experimental manip-
ulations.

(ii) Intravitreal injections. Injection of PRV Becker into the vitreous humor of
the rat eye leads to first-order infection of retinal ganglion cells and subsequent
anterograde transynaptic infection of all regions of the brain that receive retinal
input (10, 12). Infection of retinorecipient nuclei occurs in two separated waves
that target the dorsal geniculate nucleus (DGN) and superior colliculus (SC),
areas involved in visual perception and reflex movements of the eyes, followed by
regions of the diencephalon (suprachiasmatic nuclei [SCN] and intergeniculate
leaflets [IGL]) responsible for imparting temporal organization to behavior and
physiological processes (10, 12). Identical injection of PRV Bartha and strains
isogenic with PRV Becker but lacking gE or gI produces a restricted pattern of
central infection characterized by replication of virus in the SCN and the IGL
and a failure of virus to replicate in the DGN or SC (10–12, 45). Using this
model, we examined the invasiveness of the Us9 mutants in 11 rats. Infection of
the retina was performed as described previously (12). Briefly, 2.5 ml of virus
(approximately 108 to 109 PFU/ml) was injected into the vitreous humor of the
left eyes of anesthetized animals with a Hamilton microliter syringe equipped
with a 26-gauge sharpened needle. The inoculum was injected slowly over a
period of 10 min, and the needle was left in the eye for an additional 10 min in
an effort to reduce leakage of virus into the orbit. Four additional animals
received intravitreal injection of 4 ml of either PRV 160 or PRV 161 (two animals
each) to determine if the viral concentration affected the pattern of anterograde
infection. For the complementation experiments, a 1:1 (vol/vol) mixture of PRV
161 (4 3 108 PFU/ml) and either PRV 91 (gE null; 6 3 108 PFU/ml) or PRV 98
(gI null; 7 3 108 PFU/ml) was prepared just prior to inoculation. The animals
were anesthetized and killed by transcardiac infusion of buffered aldehyde solu-
tions when symptoms of infection were overt. Survival times for animals infected
with wild-type virus or with Us9 null strains ranged from 60 to 86 h and 67 to
112 h, respectively. The brains were then removed and prepared for immuno-
histochemical localization of infected neurons by procedures detailed below.

(iii) PFC injections. Anterograde transneuronal spread of viral mutants re-
sulting from intracerebral injection of mutants into the PFC was characterized in
35 rats. This model takes advantage of the unidirectional projection between the
PFC and the subjacent striatum and was used in a prior analysis to demonstrate
differences in the levels of invasiveness of PRV Bartha and PRV Becker (9). The
basic organization of the circuitry that it is based upon is described in that paper.
Injections were conducted in the following manner according to the methods
established by Card and colleagues (9). The heads of anesthetized animals were
secured in a stereotaxic frame, and 100 to 200 nl of virus was injected into the
medial PFC by using coordinates derived from the rat brain atlas of Paxinos and
Watson (33). Virus was injected slowly over a period of 5 min with a 1-ml syringe
equipped with a 26-gauge sharpened needle, and the needle was left in the brain
for 10 min following completion of the injection to reduce reflux of the inoculum
along the injection tract. After survival times of 47 to 66 h, animals were anes-
thetized and killed for immunohistochemical localization of infected neurons by
the procedures described below.

(iv) Immunohistochemical procedures. Following transcardiac perfusion fixa-
tion with buffered paraformaldehyde solutions the brain was postfixed in the
primary fixative and cryoprotected in a 20% phosphate-buffered sucrose solu-
tion. Each brain was then sectioned serially in the coronal plane with a freezing
microtome at 35 mm. Six bins of tissue were collected and transferred to a
glycol-based cryopreservant (44) and stored at 220°C until they were processed
for immunohistochemical localization of infected neurons. We have previously
shown that this method of tissue storage preserves the antigenicity of viral
antigens for a minimum of 6 years. One bin of sections (a section frequency of

210 mm) was processed for immunohistochemical localization of infected neu-
rons with a rabbit polyclonal antiserum (Rb133) generated against acetone-
inactivated PRV Becker. This procedure utilized the avidin-biotin immuno-
peroxidase procedure developed by Hsu and colleagues (19), species-specific
affinity-purified secondary antibodies (Jackson ImmunoResearch), and Vec-
tastain Elite reagents (Vector Laboratories). After immunoperoxidase process-
ing, sections were mounted on gelatin-coated slides, dehydrated with a graded
ethanol series, cleared with xylene, and coverslipped with Cytoseal60 (Stephens
Laboratories). Specific details regarding this procedure have been published
previously (7, 14).

RESULTS

Construction of Us9 null viruses. We constructed isogenic
strains of PRV Becker containing two different null mutations
in the Us9 gene. As the transcription of this region is complex
and not well understood, deletion mutations may alter local
transcripts qualitatively and quantitatively. Accordingly, we
constructed a Us9 nonsense mutant as well as a deletion mu-
tant to increase confidence that the phenotypes we determined
reflected the loss of Us9 expression. PRV 160 contains a non-
sense mutation at position 4 of the Us9 open reading frame.
PRV 161 contains a 258-bp deletion removing the majority of
the Us9 coding sequences. The construction of these viruses is
described in Materials and Methods (Fig. 1).

Us9 null viruses express gE and gI proteins. To ensure that
PRV 160 and PRV 161 no longer expressed the Us9 protein
yet maintained wild-type expression levels of the gE and gI
proteins, we examined the steady-state levels of Us9, gE, and
gI in PRV Becker-, PRV 160-, and PRV 161-infected cells.
Cell lysates were prepared from monolayers of PK15 cells
infected with PRV Becker, PRV 160, or PRV 161 at an MOI
of 10 and were Western blotted with Us9, gE, or gI antiserum.
As anticipated, Us9-immunoreactive polypeptides were de-
tected in PRV Becker-infected PK15 cells but were absent
from PRV 160- and PRV 161-infected cell lysates (Fig. 2A).
The Us9 protein is present in PRV Becker-infected cell lysates
as three polypeptides ranging from approximately 17 to 20
kDa. Western blot analysis with gE and gI antisera revealed
that PRV Becker, PRV 160, and PRV 161 all produced iden-
tical species of both the gE and gI proteins (Fig. 2A). The gE
protein is present in infected cell lysates as both an immature
precursor from migrating at approximately 93 kDa and a ma-
ture glycosylated form migrating at approximately 110 kDa.
The gI protein is expressed as a 65-kDa precursor that is
glycosylated to a mature form, which is not well recognized by
the gI antiserum used in this experiment. As the steady-state
levels of the gE and gI proteins in the PRV 160- and 161-
infected cells are indistinguishable from those in PRV Becker-
infected cells, we are confident that the engineered mutations
in the Us9 gene did not interfere with expression of either gE
or gI proteins. The expression and processing of the glycopro-
teins gB and gC were also unaffected by the loss of Us9 (data
not shown). Figure 2B shows the result of Western blot anal-
ysis with Us9-specific antiserum of PK15 cells infected with
PRV Becker, PRV 160, PRV 161, and the revertant viruses
PRV 160R and PRV 161R. The wild-type steady-state level of
the Us9 protein in both PRV 160R and PRV 161R clearly
demonstrates that the full-length Us9 gene has been restored
to these viruses.

We also examined purified viral particles by Western blot
analysis to ensure that the absence of the Us9 protein did not
interfere with the incorporation of other glycoproteins into the
virion envelope. Specifically, we isolated virions from the me-
dium of PK15 cells infected with PRV Becker, PRV 160 and
PRV 161 (MOI 5 10) by centrifugation through sucrose. The
purified virions were separated on an SDS–12.5% polyacryl-
amide gel and Western blotted with antisera against Us9 and
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gE. As anticipated, only PRV Becker virions incorporated Us9
into the viral envelope as PRV 160 and PRV 161 do not
express the Us9 protein (Fig. 2C). Western blot analysis with
gE-specific antiserum revealed that gE was efficiently incorpo-
rated into both PRV 160 and PRV 161 viral particles despite
the absence of Us9 (Fig. 2C). Further examination of these
viral particles showed that the absence of Us9 also did not

affect the incorporation of either the gI or gC membrane pro-
teins into the virion envelope (data not shown).

Us9 null mutants have no observable defects in growth or
cell-to-cell spread. The ability of a virus to form plaques on
monolayers of cultured epithelial cells is believed to reflect
cell-to-cell spread of a virus in vivo. PRV gE and gI null viruses
replicate as well as wild-type virus in single-step growth exper-
iments but form small plaques on MDBK cells (20, 21, 47). We
performed single-step growth analysis with PRV 160 on PK15
cells. PRV 160 produced and released equivalent amounts of
virus with the same kinetics as those observed for both the
wild-type strain, PRV Becker, and the revertant strain PRV
160R (data not shown). To test if the Us9 null viruses have a
defect in cell-to-cell spread as measured by plaque size in
tissue culture, confluent monolayers of MDBK cells were in-
fected with approximately 200 PFU of PRV Becker, PRV 160,
or PRV 161. The sizes of PRV Bartha and PRV 91 plaques on
MDBK cells were also measured for comparison. The results
of this experiment are shown in Table 1. Unlike PRV Bartha
and PRV 91, which form significantly smaller plaques on
MDBK cells than PRV Becker (36 and 74% of wild type,
respectively), both PRV 160 and PRV 161 formed plaques that
were indistinguishable from those of PRV Becker in both
shape and size.

Anterograde transneuronal spread of PRV 160 and PRV 161
through visual projections. To determine if the Us9 protein
plays a role in anterograde spread in the visual system, we
injected the Us9 null viruses, PRV 160 and PRV 161, into the
vitreous humor and examined the resulting pattern of infection
in the brain as described in Materials and Methods. Specifi-
cally, we injected 2.5 3 105 to 106 PFU of PRV 160 or PRV 161
(Table 2) into the vitreous body and characterized the central
patterns of infection at survival times extending from 67 to
112 h postinoculation. PRV Becker (1.2 3 106 PFU) and PRV
91 (5 3 105 PFU) were injected into separate groups of ani-
mals as controls (Table 2). At the time of imminent death, the
animals were sacrificed and the brains were removed, fixed,
and prepared for immunohistochemical localization of in-

FIG. 2. Western blot analysis of Us9 null viruses and revertants. Monolayers
of PK15 cells were infected with PRV Becker, PRV 160, and PRV 161 (A and
B) and the revertant viruses PRV 160R and PRV 161R (B) at an MOI of 10.
Cellular extracts were prepared after 15 h of infection, and approximately 10 mg
of total cell lysate was fractionated on an SDS–12.5% polyacrylamide gel, trans-
ferred to nitrocellulose, and analyzed by Western blotting with gE, gI, or Us9
antiserum. (C) Viral particles were isolated from the medium of PK15 cells
infected for 15 h with either PRV Becker, PRV 160, or PRV 161 (MOI 5 10) by
centrifugation through sucrose. Virions were analyzed by Western blotting with
either gE or Us9 antiserum. The migration of molecular mass markers is indi-
cated on the left in kilodaltons.

TABLE 1. Plaque size on MDBK cells

Virus Plaque size
(mm)a

SD
(mm)

% Wild
type Pb

PRV Be 0.95 0.11 100
PRV 91 0.70 0.09 74 ,0.005
PRV Ba 0.34 0.06 36 ,0.005
PRV 160 0.95 0.10 100 0.924
PRV 161 0.96 0.09 101 0.898

a An average of 20 plaques measured 48 h after infection.
b P with respect to PRV Becker (Be) was determined by Student’s t test.

TABLE 2. Intravitreal injections

Virus Genotype na
PFU/

injection
(105)

Mean time
to death (h)

PRV Beb Wild type 2 12 66.9
PRV 91 gE null 3 5.0–20 88.3 6 16.1
PRV 160 Us9 null 6 2.5–10 96.8 6 12.9
PRV 161 Us9 null 5 2.5 79.2 6 8.5
PRV 160R Revertant 4 5.0–30 72.4 6 7.9
PRV 161R Revertant 4 5.0–18 69.6 6 11.6

a Number of animals.
b PRV Be, PRV Becker.
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fected neurons. PRV Becker and PRV 91 produced the ex-
pected patterns of central infection. Viral antigen was detected
in all retinorecipient areas in PRV Becker-infected animals,
whereas virus was restricted to the SCN and IGL of animals
infected with PRV 91 (Fig. 3). PRV 160 and PRV 161 pro-
duced a restricted pattern of infection essentially identical to
that produced by PRV 91 and other mutants lacking gE or gI
(10–12, 45). Both of the Us9 null mutants produced a robust
infection of the SCN and IGL but failed to produce productive
replication of virus in the DGN and SC, even though the
postinoculation survival intervals substantially exceeded those
shown to be adequate for infection of these areas with PRV
Becker. Injection of a larger amount of virus (2 3 106 to 5 3
106 PFU in 4 ml) produced the same restricted phenotype,
demonstrating that the failure to infect neurons in the DGN
and SC was not related to the concentration of the inoculum.

The restricted-spread phenotype reflects absence of Us9.
Several measures were taken to ensure that the phenotype
observed for the Us9 null viruses was due to the absence of
Us9 rather than other mutations. We were particularly con-
cerned that unexpected mutations may have been introduced
into the adjacent gE gene during construction of the viruses.

First, we sequenced the plasmids containing the Us9 mutations
that were used for construction of the recombinant viruses in
their entirety in both directions. This analysis demonstrated
that there were no additional mutations in regions adjacent to
the Us9 mutations in PRV 160 and PRV 161. Second, we
constructed revertants of both Us9 mutants by reintroducing
the wild-type Us9 gene by homologous recombination. To con-
struct the revertants, PRV 160 or PRV 161 viral DNA was
cotransfected with a 1,004-bp fragment of PRV Becker DNA
containing the complete Us9 gene sequence as well as 373 bp
of upstream flanking gE gene and intergenic sequences and
334 bp of downstream flanking intergenic and Us2 gene se-
quences. Revertants PRV 160R (data not shown) and PRV
161R (Fig. 4) both produced the wild-type pattern of brain
infection after injection into the vitreous body.

Pair-wise, mixed infection of individual mutants restores
wild-type spread. To further test that the spread defect ob-
served for the two Us9 null mutants was due to the absence of
Us9 and not because the mutations affected the adjacent gE
and gI genes, we used mixed-infection experiments with pairs
of gE, gI, and Us9 null mutants as described by Enquist et al.
(15). The mixed-infection experiments also tested the hypoth-

FIG. 3. Anterograde transport of Us9 null viruses in the rodent visual system. Approximately 2.5 3 105 to 2 3 106 PFU of PRV Becker (Be), PRV 91, PRV 160,
or PRV 161 was injected into the vitreous humor of Sprague-Dawley male rats. At the time of imminent death, the animals were sacrificed, and the brains were fixed
and sliced into 35-mm-thick coronal sections with a freezing microtome. Viral antigen was detected with rabbit polyvalent antiserum Rb133. Representative sections
are shown for each virus. LGN, lateral geniculate nuclei; D, dorsal; V, ventral.
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esis that the restricted spread of PRV 160 and PRV 161 is due
to the lack of Us9 in their viral envelopes such that they no
longer can enter into the retinal ganglion cells that project to
the DGN and the SC. As demonstrated in Fig. 3, viruses,
examined individually in the rat visual system, that lack either
gE (PRV 91) or Us9 (PRV 160 and PRV 161) are incapable of
infecting the DGN or SC. In the experiment shown in Fig. 4, a
1:1 mixture of a Us9 null virus (PRV 161) and a gE null virus
(PRV 91) was injected into the vitreous body. When the ani-
mals were exhibiting terminal symptoms, they were eutha-
nized, and their brains were examined for extent of virus
spread. We observed marked restoration of anterograde
spread of infection to both the DGN and the SC in animals
that were injected with both mutant viruses. The smaller num-
bers of PRV-positive neurons in the DGN and SC of animals
coinfected with PRV 91 and PRV 161 compared to those of
animals infected with the wild-type strain, PRV Becker, most
likely reflects the inefficiency of complementation and the ar-
chitecture of the circuitry. Whereas both the SC and DGN are
infected by anterograde transneuronal passage of virus
through retinal ganglion cells, the DGN also receives projec-
tions from the SC. Therefore, infection of animals with the

wild type strain, PRV Becker, can produce a direct antero-
grade infection of the DGN through retinal ganglion cells and
an indirect infection through the SC. However, in a comple-
mentation experiment, both Us9 null and gE null viruses need
to enter the same retinal ganglion cell to produce comple-
mented virus that can spread in the anterograde direction to
the SC and DGN, and the same process has to occur for
indirect infection of the DGN through the SC. We also per-
formed a similar mixed infection with PRV 161 (Us9 null) and
PRV 98 (gI null) and observed full restoration of spread to all
retinorecipient regions (data not shown). Taken together,
these experiments strongly suggest that Us9 is not needed to
enter retinal ganglion cells projecting to the visual centers and
therefore that the anterograde spread defect associated with
the loss of Us9 must occur after viral entry. Moreover, these
results further confirm that the gE and gI genes in the Us9 null
viruses are fully functional and that the restricted anterograde
spread observed for PRV 160 and PRV 161 is due to the loss
of the Us9 protein.

Directional spread of Us9 mutants injected into the PFC.
Injection of Us9 null mutants into the PFC permitted an as-
sessment of the role of this envelope protein in both antero-

FIG. 4. Reversion and complementation analysis of the Us9 null spread defect. The spread patterns of virus following intraocular injection of animals with PRV
Becker (Be), PRV 161, PRV 161R, and a 1:1 (vol/vol) mixed population of PRV 161 and PRV 91 are shown. The infected tissue was processed and analyzed as
described in the legend for Fig. 3. Abbreviations are as used for Fig. 3.

VOL. 74, 2000 PRV Us9 NULL MUTANT PHENOTYPES IN VITRO AND IN VIVO 839



grade and retrograde transport through cortical circuits. As
demonstrated previously, anterograde transynaptic passage of
virus can be determined by the extent of infection in the stri-
atum, an area that receives a projection from the prefrontal
cortex but that does not reciprocate the projection (9). Retro-
grade transynaptic passage of this virus through projections to
the PFC from other regions of the cortex and the thalamus
were also accurately measured. Two days following injection of
100 or 200 nl of PRV Becker into the PFC, infected neurons
were observed in the striatum in a pattern overlapping the
known distribution of axons that project to this region from the
PFC. Importantly, the magnitude of infection was concentra-
tion dependent, with a larger number of infected neurons
present in animals infected with 200 nl of PRV Becker (Fig. 5).
Deletion of either Us9 or gE reduced the magnitude of an-
terograde transneuronal infection of striatal neurons and also
delayed the temporal sequence of infection (Fig. 6). A similar
reduction in anterograde spread to striatal neurons was also
observed for a gI null virus (PRV 98) (data not shown). In all
cases, the striatum was free of infected neurons at 24 h and
contained only a moderate number of infected striatal neurons
in the longest-surviving animals. For example, 66 h after injec-
tion of PRV 91, there were only scattered infected striatal
neurons, which were confined to the region that receives a

projection from the injected region of PFC. A similar reduc-
tion in anterograde infection of this area was noted 50 and 55 h
after injection of 100 nl of PRV 161 and PRV 160 (Fig. 6C and
D and E and F, respectively). Examination of longer postin-
oculation intervals with these viruses was not possible given the
increased virulence of PRV 160 and PRV 161 compared to
that of PRV 91 or PRV 98 (see below). Importantly, injecting
larger concentrations of the Us9 null mutants did not increase
the magnitude of anterograde transynaptic infection of the
striatum as it did with PRV Becker. This is readily apparent by
comparing the restricted pattern of striatal infection 49 h after
the injection of 200 nl of PRV 160 (Fig. 6G and H) with the
extensive anterograde striatal infection 47 h after injection of
an equivalent amount of PRV Becker (Fig. 5A and B).

Although deletion of Us9, gE, or gI produced a comparable
disruption in anterograde transynaptic infection of striatal neu-
rons, the effects of these deletions upon retrograde spread of
virus differed. Rats injected with PRV 91 exhibited delayed
retrograde transynaptic transport of virus relative to animals
infected with PRV Becker. Whereas PRV Becker exhibited
extensive retrograde spread of virus by 48 h (data not shown,
but see reference 9), the gE null mutant produced a much
more restricted infection of the same circuitry at this postin-
oculation interval and only achieved a magnitude of retrograde

FIG. 5. The extent of anterograde transneuronal infection of the striatum approximately 48 h after injection of 100 (C and D) or 200 nl (A and B) of PRV Becker
into the PFC. The areas of the striatum indicated by the arrows in panels A and C are shown at higher magnification in panels B and D, respectively. Note that the
extent of anterograde transneuronal infection of the striatum was dramatically increased by injection of the higher concentration of virus. Bars: A and C, 550 mm; B
and D, 20 mm.
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FIG. 6. The extent of anterograde transneuronal infection of striatal neurons following injection of PRV 91 (A and B), PRV 161 (C and D), or PRV 160 (E and
F) into the medial PFC. The areas of the striatum indicated by the arrows in panels A, C, E, and G are shown at higher magnification in panels B, D, F, and H,
respectively. Note that the relative magnitudes of striatal infection produced by injection of 100 nl of PRV 160 or PRV 161 into PFC are similar at 50 to 55 h following
injection (compare panels C and D with E and F). In contrast, 66 h was required to achieve a similar magnitude of anterograde infection after injection of PRV 91.
It is also important to note that injection of 100 (E and F) or 200 nl (G and H) of PRV 160 into the PFC produced similar magnitudes of anterograde transneuronal
infection in the striatum. This contrasted with the concentration-dependent differences in the extent of infection produced by PRV Becker (Fig. 5). Bar in A, 500 mm
(same scale for panels C, E, and G); bar in B, 20 mm (same scale for panels D, F, and H).
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infection equivalent to that of wild-type virus at 66 h (Fig. 7A
to C). Similarly, 66 h was required for PRV 91 to produce a
retrograde spread of virus that was equivalent to that produced
by PRV 160 or PRV 161 at 55 and 50 h, respectively (Fig. 7D
to F and G to I).

Virulence of PRV 160 and PRV 161 in the rat eye model.
Viruses with gE and gI deleted not only have a defect in
anterograde spread to the DGN and the SC but also are mark-
edly less virulent in rats than the wild-type virus, PRV Becker,
as measured by reduced symptoms of infection and delayed
mean time to death (11, 45). Typical symptoms of PRV disease
in the rat include ruffling of the fur, nasal discharge, hunched
posture, labored breathing, uncoordinated movement, and
scratching and rubbing of the face, particularly in the area
surrounding the injected eye. These symptoms appear more
rapidly after wild-type virus infection and are much more se-
vere by comparison. In contrast, animals infected with mutant
viruses lacking the gE or gI genes live longer and exhibit milder
symptoms, which are delayed in onset. We found that animals
infected with Us9 mutants also lived significantly longer (Table
2) and exhibited delayed, milder symptoms. After infection
with PRV Becker, the mean time to death was 66.9 h (n 5 2)

and severe symptoms appeared on average as early as early as
62 h. For animals infected with PRV 91 (gE null) the mean
time to death was 88.3 6 16.1 h and symptoms appeared on
average as early as 82 h but were very mild. For animals
infected with PRV 160, the mean time to death was 96.8 6
12.9 h and mild symptoms appeared on average as early as
93 h. For animals infected with PRV 161, the mean time to
death was approximately 79.2 6 8.5 h and mild symptoms
appeared on average as early as 77 h. Animals infected with the
revertant viruses PRV 160R or PRV 161R had mean times to
death of 72.4 and 69.5 h, respectively. These animals also
experienced the rapid and severe symptoms typical for animals
infected with wild-type virus. Wild-type virulence was also re-
stored in coinfection experiments of PRV 161 and either PRV
91 or PRV 98 (data not shown).

Virulence of PRV 160 and PRV 161 in the PFC injection
model. When wild-type PRV is injected directly into the PFC,
animals rapidly develop severe symptoms and rarely survive
longer than 48 h (9). In contrast, when PRV Bartha is injected
similarly, animals survive to at least 65 h postinfection with
only mild symptoms at time of death. PRV gE and gI null
mutants produce somewhat extended times to death compared

FIG. 7. Extent of retrograde infection of thalamus and perirhinal cortex following injection of PRV 91 (A to C), PRV 160 (D to F), or PRV 161 (G to I) into PFC.
The boxed areas shown in panel A designate the regions of the thalamus and perirhinal cortex shown at higher magnification in the photomicrographs to the right in
each row (thalamus in panels B, E, and H; perirhinal cortex in panels C, F, and I). Note that the levels of retrograde infection produced by all three viruses are similar
even though the animal infected with PRV 91 survived 66 h and those injected with PRV 160 and PRV 161 survived 55 and 50 h, respectively. Bars for A, D, and G,
500 mm; bars for B, E, and H, 50 mm; bars for C, F, and I, 100 mm.
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to wild-type virus, but both PRV Us9 null mutants were as
virulent as wild-type virus in this model (Fig. 6). Animals in-
jected with either of the Us9 null mutants exhibited a rapid
onset of symptoms as they approached 48 h of survival and
died shortly thereafter. However, in both instances the pro-
gression to death following the appearance of symptoms was
very rapid and animals rarely lived beyond 55 h.

DISCUSSION

The lipid envelope of PRV virions contains at least 16 virally
encoded membrane proteins (gB, gC, gD, gE, gI, gH, gK, gL,
gM, gN, Us9, UL3, UL11, UL20, UL34, and UL43) (28).
Among these envelope proteins, at least six have been shown
to be nonessential for growth in tissue culture (28) and are
therefore believed to play important roles in the pathogenesis
and spread of the virus in vivo. We have previously identified
the protein product of one of these non-essential PRV genes,
the Us9 gene, to be a 98-amino-acid, phosphorylated mem-
brane protein which is inserted into the viral envelope in a
unique type II tail-anchored topology (5). In such a topology,
PRV Us9 is predicted to have a 68-amino-acid cytoplasmic tail
and a 3-amino-acid ectodomain. PRV Us9 localizes to the
trans-Golgi network region in both infected and transfected
cells and is maintained in this compartment by endocytosis
from the plasma membrane (6). In this study, we constructed
two Us9 null viruses and examined their growth properties in
vitro and in vivo.

Neither PRV 160 nor PRV 161 has obvious defects associ-
ated with the loss of Us9 in vitro. The Us9 null viruses are
indistinguishable from wild-type PRV Becker in single-step
growth release and plaque size. Moreover, there is no defect
with Us9 null viruses in the expression, processing, or intracel-
lular localization (data not shown) of the gE, gI, gB, or gC
envelope proteins. Nor does the removal of Us9 from the viral
particle affect the incorporation of other viral glycoproteins
into the virion envelope.

We next assessed the contribution of Us9 to transneuronal
infection following either intravitreal or intracranial infection.
Upon direct infection of the retina, PRV 160 and PRV 161
both exhibited an anterograde neuronal spread defect. In this
model, both Us9 null viruses were defective in anterograde
spread to visual centers involved in visual perception and reflex
movement of the eyes, but replicated efficiently in retinal gan-
glion cells and their target neurons that are involved in bio-
logical timing. Interestingly, the pattern of central infection
that is produced by PRV 160 or PRV 161 is indistinguishable
from that observed in animals infected with either a gE or gI
null virus. The restoration of wild-type spread to all retinore-
cipient areas following infection with the revertant viruses
PRV 160R and PRV 161R indicated that the neuronal spread
defect of PRV 160 and PRV 161 is due to the loss of Us9 and
not to additional mutations. This was also supported by se-
quencing analysis and mixed-infection experiments with a Us9
null virus and either a gE or gI null virus. A defect in antero-
grade transynaptic infection was also observed after injection
of gE, gI, or Us9 null mutants into the PFC. In prior work we
had demonstrated that PRV Becker had the capacity to pro-
duce an anterograde transynaptic infection of striatal neurons
and further showed that this ability was lacking in rats injected
with the attenuated PRV Bartha strain. The data presented in
this report strongly suggests that the inability of PRV Bartha to
produce an anterograde transynaptic infection through cortical
projections to the striatum is related, at least in part, to the
absence to the gE, gI, and Us9 genes from the unique short
region of the genome. Interestingly, all of the null mutations

reduced the magnitude of anterograde infection of the stria-
tum rather than causing a total block, suggesting that the
products of these genes function together to increase the effi-
ciency of anterograde infection. Further study is necessary to
determine the validity of this hypothesis.

We also examined the contribution of Us9 to virulence in
both the rat eye and PFC models. As observed for gE and gI
null viruses, the mean time to death of animals infected with
either PRV 160 or PRV 161 was extended following intravit-
real injection compared to that due to the wild-type controls.
Not only did animals injected with the Us9 null viruses live
longer than PRV Becker-infected animals, they also displayed
less-severe symptoms. In contrast, Us9 null mutants were as
virulent as wild-type virus after cortical injection. Further
work, however, is necessary to understand these results, as gE
and gI null viruses are markedly attenuated in this model. It is
noteworthy that a similar differential expression of virulence
was observed with an HSV-1 mutant lacking Us9, Us10, Us11,
and Us12 following peripheral or central infection (32).

In this report, we show that the Us9 protein, in addition to
the gE and gI glycoproteins, is necessary but not sufficient for
anterograde spread between some, but not all, synaptically
connected neurons in two models of PRV invasiveness. Al-
though mixed-infection experiments in the rat eye model sug-
gest that all three PRV envelope proteins function at a step
after entry of the virus into the primary retinal ganglion cell,
several observations indicate that Us9 may play a role different
from that of gE or gI in promoting anterograde spread. The
first observation is that both gE and gI have been shown to
form a heterodimer shortly after synthesis in the endoplasmic
reticulum (45, 47, 48), and it is often believed that this complex
is the functional unit involved in transneuronal spread. How-
ever, Us9 does not appear to form a complex with either gE or
gI. By standard coimmunoprecipitation experiments, we can-
not detect any physical interaction between Us9 and the gE-gI
complex in either infected cells or in the viral particle (unpub-
lished data). Further experiments to confirm this observation
are in progress, as it is possible that Us9 may interact with gE
or gI either transiently or only under certain conditions. The
second observation is that both the gE and gI proteins in PRV,
as well as in other alphaherpesviruses, are required for efficient
cell-to-cell spread in a variety of tissue culture cell lines (2, 20,
21, 23, 24, 47). In contrast, there is no dependence of Us9 on
cell-to-cell spread as determined by plaque formation in tissue
culture cells. Us9 null viruses form wild-type-sized plaques in
all cell lines examined. To account for these observations, we
propose a model in which the gE-gI complex is part of the
machinery promoting the spread of virus from the presynaptic
axon terminal to the postsynaptic cell. These proteins are likely
to act at the site of egress and need not be in virus envelopes
to promote spread between synaptically connected neurons, as
shown by Tirabassi et al. (42). Accordingly, we suggest that the
gE-gI complex mediates spread through the interaction of the
gE-gI ectodomains with a cellular receptor on the postsynaptic
cell. Interaction of the gE-gI complex with this putative recep-
tor would be necessary for entry into secondary neurons in the
DGN or SC as spread to the retinorecipient circadian areas is
gE-gI independent. A similar model involving the interaction
of gE-gI with a cellular ligand has been recently proposed by
Dingwell and Johnson for the spread of HSV-1 between epi-
thelial cells (13). Yet the question remains as to how Us9
promotes anterograde spread in this model. It does not seem
likely that Us9 has the same role as gE and gI because a Us9
null virus forms wild-type-sized plaques in tissue culture. Nor
does it seem probable that the three amino acids that consti-
tute the Us9 ectodomain interact with a receptor on an adja-
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cent cell. Rather, we propose that Us9 serves a transport role
in the infected neuron, perhaps delivering newly enveloped
viral particles and/or vesicles containing envelope proteins,
such as gE and gI, to the axon terminal. In the absence of Us9,
neither the virions nor the glycoprotein vesicles would be ef-
ficiently targeted to the site of egress, thereby leading to a
defect in transynaptic spread. In support of this idea, Us9 has
a topology similar to that of proteins involved in vesicular
transport, and we have identified several motifs in the Us9
cytoplasmic tail that are important for intracellular trafficking
(5, 6). We are currently examining viral mutants defective in
Us9 intracellular trafficking to see what effects these motifs
have on Us9’s ability to promote anterograde spread in the
rodent central nervous system.
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