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INTRODUCTION ument, and envelope), and undergo a latent phase in their life

Pseudorabies virus (PRV) is a pathogen of swine resulting in
devastating disease and economic losses worldwide. PRV has
been of interest to virologists and neurobiologists as well as
those concerned about disease control in swine agriculture.
This herpesvirus has served as a useful model organism for the
study of herpesvirus biology. The virus has also been used as a
“live” tracer of neuronal pathways, making use of its remark-
able propensity to infect synaptically connected neurons. Fi-
nally, while efforts to eradicate PRV in the United States and
Europe have shown great progress, it is still an endemic prob-
lem in many countries.

This review focuses on recent reports regarding the molec-
ular biology of PRV, the use of laboratory animal models to
study viral pathogenesis, the use of PRV as a neuronal tracer,
and the agricultural impact of PRV. The broad coverage of this
review targets not only virologists, but also those interested in
neurobiology and veterinary medicine.

Virus Nomenclature

Pseudorabies virus is also known by its taxonomic name, suid
herpesvirus 1, or by its original name, Aujeszky’s disease virus.
PRV is a swine herpesvirus of the Alphaherpesvirinae subfam-

ily.

Herpesviridae and Alphaherpesvirinae

All herpesviruses have a double-stranded DNA genome,
similar virion size (200 to 250 nm) and structure (capsid, teg-

cycle (348). According to the International Committee on Tax-
onomy of Viruses (http://www.ncbi.nlm.nih.gov/ICTVdb/Ictv
/fr-fst-a.htm#H), most herpesviruses can be subdivided into
three major subfamilies of herpesviruses based on their bio-
logical properties and genome content and organization: Al-
phaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae.
The recently discovered ictalurid herpesvirus 1, a channel cat-
fish virus, represents the sole and founding member of a fourth
subfamily (99). Additionally, there are dozens of herpesviruses
awaiting classification.

The three major subfamilies differ in the cell type where
latency is established and the length of their productive repli-
cation cycle (348). Alphaherpesviruses have the broadest host
range, tend to replicate rapidly with cytopathic effects to pro-
duce viral particles in a matter of hours, and can establish
latency in the sensory ganglia. Betaherpesviruses have the most
restricted host range and the slowest rate of replication that is
often accompanied by cell enlargement (cytomegalia), and es-
tablish latency in a number of tissues and cells, including se-
cretory glands, kidneys, and lymphoreticular cells. Gammaher-
pesviruses infect lymphoblastoid cells and are usually specific
for either T or B lymphocytes, establishing latency in lymphoid
tissue.

Humans harbor three alphaherpesviruses: varicella-zoster
virus (VZV) and herpes simplex virus type 1 (HSV-1) and type
2 (HSV-2). The monkey B virus can also be transmitted to
humans with lethal consequences. Despite its significant ho-
mology to human alphaherpesviruses and its broad host range,
PRV is not transmitted to humans. Anecdotal reports of rare
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human PRV infections have not been substantiated, and likely
reflect the low cross-reactivity of antibodies against HSV-1 gB
to PRV gB (344, 437). Owing to the significant homology
between members of the Alphaherpesvirinae, information de-
rived from the study of PRV provides a powerful opportunity
for comparative molecular virology (118). Accordingly, re-
search interests in PRV reflect more than the agricultural
impact of the disease it causes. Other well-studied alphaher-
pesviruses are animal pathogens important to agriculture, in-
cluding bovine herpesviruses (BHV-1 and BHV-5), equine
herpesviruses (EHV-1 and EHV-4), ovine herpesvirus, and
avian herpesviruses such as Marek’s disease virus and infec-
tious laryngotracheitis virus (ILTV) (348).

Based on molecular criteria and sequence analysis, the Al-
phaherpesvirinae subfamily can be subdivided further into the
genera Simplexvirus (HSV-1), Varicellovirus (VZV), Marek’s
disease-like virus, and ILTV-like virus (265, 346, 348). PRV,
and its closely related homologs BHV-1, EHV-1 and EHV-4,
feline herpesvirus type 1, and canine herpesvirus type 1, are all
members of the Varicellovirus genus.

MOLECULAR BIOLOGY OF PRV

A number of previous excellent reviews examine particular
aspects of PRV molecular biology, with more recent reviews
comprehensively describing specific features of the PRV rep-
lication cycle such as viral entry, virion morphogenesis, and
viral egress (29, 121, 274, 276, 277).

Virion Structure

Membership in the Herpesviridae family was based histori-
cally on their unique virion architecture (348) and PRV virions
resemble others in the family (29, 153, 274). The mature virion,
or infectious viral particle, consists of four morphologically
distinct structural components (Fig. 1): the central core con-
tains the linear double-stranded DNA genome of the virus; the
DNA is enclosed within a protective icosahedral capsid to form
a nucleocapsid; the capsid is embedded in a protein matrix
known as the tegument; finally, the tegument is surrounded by
the envelope, a lipid membrane containing several viral glyco-
proteins. Nearly half of all the PRV gene products are struc-
tural components of the mature virion (Fig. 1; Table 1).

Genome and Gene Content

Alphaherpesvirus genomes have a partial colinear arrange-
ment of genes encoding similar functions. Based on the overall
arrangement of repeat sequences and unique regions, the her-
pesvirus genomes can be divided into six classes, designated by
the letters A to F (348). The PRV genome, like that of VZV,
belongs to the D class, characterized by two unique regions
(U, and Ug), with the Ug region flanked by the internal and
terminal repeat sequences (IRS and TRS, respectively) (Fig. 2)
(29). The sequence and gene arrangement of the entire PRV
genome are known and a map of the likely transcript organi-
zation, well supported by experimental data, has been estab-
lished (Fig. 2) (219). Recombination between the inverted
repeats can produce two possible isomers of the genome, with
the Ug region in opposite orientation. Figure 2 presents only
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one of the isomers, though both isomers are infectious and
found in equimolar amounts after infection (29).

The functions of the 70 different genes identified in PRV are
listed in Table 1. There are two copies of the genes encoding
IE180 and USI because of their location within the IRS and
TRS. The major and minor forms of US3 are counted as
separate genes because they show functional differences (414,
143). All PRV genes have homologs in one or more related
alphaherpesviruses. Generally, gene names were derived from
their location order within the U, or Ug region in accordance
with the prototypical HSV-1, while protein nomenclature can
vary widely (see Table 1). In this review we refer to gene names
in italics and to protein names without. Commonly used pro-
tein names, mostly derived from studies of HSV-1 homologs,
are also included: for example VP22 (viral protein 22), ICP35
(infected cell protein 35), and gB (glycoprotein B).

The genome of PRV is largely colinear with those of HSV-1
and other alphaherpesviruses, except for a large internal in-
version in the U} region situated between UL46 and UL26.5
(32, 46, 110). PRV genes ORFI, ORF1.2, and UL3.5 are not
found in HSV-1, while at least 16 HSV-1 genes are not found
in PRV (219). Three origins of replication have been mapped
in PRV: OriL, located in the U, region (Fig. 2), and two copies
of OriS, each located in the inverted repeats (132, 440). The
PRV origins of replication are structured as two inverted bind-
ing sites for the origin-binding protein UL9 (GTTCGCAC),
separated by a 43-bp A-T-rich segment (76% A+T). This basic
structure is found once in OriL, while three imperfect repeats
of this basic arrangement constitute OriS. Likewise, HSV-1
contains two copies of ori§ and one of oriL, consisting of
palindromes of 45 bp and 144 bp, respectively, centered
around an A-T-rich region of 18 bp (oriS) or 20 bp (oriL). The
HSV-1 A-T regions are also flanked by one or two inverted
binding sites for UL9 that vary in binding affinity (37, 241, 347).

Transcriptional architecture. Many features of the PRV
transcriptional architecture (Fig. 2) are conserved in the re-
lated alphaherpesviruses HSV-1 and BHV-1 (219). Many of
the same genes form families of 3’-coterminal transcripts (266,
219, 331). The few genes found to be spliced in alphaherpes-
viruses are usually immediate-early genes or latency tran-
scripts. PRV contains two known spliced transcripts (USI and
the Large Latency Transcript, LLT) and a putative spliced
transcript (UL15), and all three homologs are spliced in HSV-1
(Fig. 2) (347, 219). Many of the core transcription elements are
predicted to be shared between genes, with TATA boxes ini-
tiating divergent transcripts, or TATA boxes also functioning
as polyadenylation signals for genes upstream. These features
may be related to the high gene density and limited intergenic
sequences found in alphaherpesvirus genomes, such as PRV.
PRYV also contains multiple short DNA repeat elements, often
located between converging transcripts (Fig. 2), and these may
serve to prevent transcription from one gene into an oppositely
transcribed gene.

Core genes. A set of 40 herpesvirus genes are conserved
among all Alpha-, Beta-, and Gammaherpesvirinae (Fig. 2). These
“core genes” encode proteins that perform steps fundamental to
the replication of herpesviruses, in part, because of the common
structure of nucleocapsids, the basic requirements for viral DNA
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Envelope

glycoproteins
¢E (US8)
2l (US7)
gD (US6)
2G (US4)
el (UL1)
eM (UL10)
¢H (UL22)
2C (UL44)
gB (UL27)
2N (UL49.5)
2K (UL53)

other membrane proteins
UL20
US9
UL24?
ULA43

Tegument Capsid
ULI11 UL6
ULI3 ULI18 (VP23)
UL16 UL19 (VPS)
UL21 UL25

UL41 (VHS) UL38 (VP19c¢)
UL37 UL35 (VP26)

UL36 (VP1/2)
UL46 (VP11/12)
UL47 (VP13/14)

UL48 (VP16)

UL49 (VP22)

UL51
US3
US2

FIG. 1. Structure of the PRV virion. PRV virions are composed of four structural elements. The double-stranded DNA genome is housed in an
icosahedral capsid. The tegument is a collection of approximately 12 proteins organized into at least two layers, one which interacts with envelope proteins
and one that is closely associated with the capsid. The envelope is a lipid bilayer infused with transmembrane proteins, many of which are modified by
glycosylation. Listed are proteins thought to be components of the virion; however, not all proteins are represented in the cartoon.

replication and packaging, and the shared steps of entry into and
egress from cells. Phylogenetic analysis of mammalian and avian
herpesvirus genomes suggests that an ancestral virus contributed
the 40 core genes to modern alpha-, beta-, and gammaherpesvi-
ruses (100). While many of the core genes show sequence con-
servation within the Herpesviridae, some share only the relative
genome position and protein function. Table 1 notes the PRV
core genes. Like those of other herpesviruses, all PRV core genes
are found in the U, region (Fig. 2).

Capsid Proteins

Most of what is known about the PRV capsid is inferred
from detailed studies of the prototypical HSV-1 virion. The
major capsid protein (MCP or VPY) is encoded by ULI9 and
assembles into 162 capsomers (150 hexons and 12 pentons)
arranged in a T = 16 icosahedral lattice (301). Both the struc-
tural arrangement and sequence of UL19 are well conserved in
all herpesviruses, and the resulting capsids have a diameter of
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TABLE 1. PRV gene functions
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Gene Size (kDa) Common name Proposed function(s)* Structural role Core
ORFI.2 353 Unknown Virion No
ORFI 21.8 Unknown Virion No
UL54 40.4 1CP27 Transcription modulation; cell-cell spread; RNA-binding protein  Nonstructural Yes
UL53 33.8 gK Viral egress (secondary envelopment); glycoprotein K; type III  Virion (envelope) No
membrane protein; gK/UL20 together inhibit glycoprotein-
mediated membrane fusion

UL52 103.3 DNA replication; primase subunit of UL5/ULS/UL52 complex Nonstructural Yes

UL51 25 Viral egress (secondary envelopment); tegument protein, Virion (tegument) Yes
potentially palmytoilated

UL50 28.6 dUTPase dUTPase Nonstructural Yes

UL49.5 10.1 gN Immune evasion (TAP inhibitor); glycoprotein N; type I Virion (envelope) Yes
membrane protein; complexed with gM

UL49 25.9 VP22 Interacts with C-terminal domains of gE & gM; tegument Virion (tegument) No
protein

UL48 45.1 VP16, o-TIF  Gene regulation (transactivator); viral egress (secondary Virion (tegument) No
envelopment); tegument protein

UL47 80.4 VP13/14 Viral egress (secondary envelopment); tegument protein Virion (tegument) No

UL46 75.5 VP11/12 Unknown; tegument protein Virion (tegument) No

UL27 100.2 ¢B Viral entry (fusion); cell-cell spread; glycoprotein B; type 1 Virion (envelope) Yes
membrane protein

UL28 78.9 ICP18.5 DNA cleavage and packaging; component of the UL15/UL28 Capsid precursor Yes
terminase

UL29 125.3 ICP8 DNA replication and recombination; binds single stranded Nonstructural Yes
DNA

UL30 115.3 DNA replication; DNA polymerase subunit of UL30/UL42 Nonstructural Yes
holoenzyme

UL31 30.4 Viral egress (nuclear egress); present only in primary enveloped Primary virion (tegument)  Yes
virion; interacts with UL34

UL32 51.6 DNA packaging; efficient localization of capsids to replication Capsid precursor Yes
compartments

UL33 12.7 DNA cleavage and packaging; associates with UL28 and UL15 Nonstructural Yes

UL34 28.1 Viral egress (nuclear egress); present only in primary enveloped Primary virion (envelope)  Yes
virion; tail-anchored type II nuclear membrane protein;
interacts with UL31

UL35 11.5 VP26 Surface capsid protein Virion (capsid) Yes

UL36 3244 VP1/2 Viral egress (capsid tegumentation); large tegument protein; Virion (tegument) Yes
interacts with UL37 and capsid

UL37 98.2 Viral egress (capsid tegumentation); interacts with UL36 Virion (tegument) Yes

UL38 40 VP19c Minor capsid protein; UL38/UL18/ULIS triplex component Virion (capsid) Yes

UL39 91.1 RR1 Nucleotide synthesis; large subunit of ribonucleotide reductase Nonstructural Yes

UL40 34.4 RR2 Nucleotide synthesis; small subunit of ribonucleotide reductase ~ Nonstructural No

UL41 40.1 VHS Gene regulation, RNAse, degrades host and viral mRNAs Virion (tegument) No

UL42 40.3 DNA replication; polymerase accessory subunit of UL30/UL42  Nonstructural Yes
holoenzyme

UL43 38.1 Inhibits glycoprotein-mediated membrane fusion; type III Virion (envelope) No
membrane protein

UL44 51.2 gC Viral entry (virion attachment); glycoprotein C; type I Virion (envelope) No
membrane protein; binds to heparan sulfate

UL26.5 28.2 pre-VP22a Major scaffold protein; substrate for UL26 protease; capsid Capsid precursor Yes
formation and maturation

UL26 54.6 VP24 Minor scaffold protein; capsid maturation protease Capsid precursor Yes

UL25 57.4 Capsid-associated protein; required for capsid assembly Virion (capsid) Yes

UL24 19.1 Unknown; type III membrane protein ? Yes

UL23 35 TK Nucleotide synthesis; thymidine kinase; selectively activates Nonstructural No
acyclovir

UL22 71.9 gH Viral entry (fusion); cell-cell spread; glycoprotein H; type 1 Virion (envelope) Yes
membrane protein; complexed with gL

UL21 55.2 Unknown, capsid-associated tegument protein; interacts with Virion (tegument) Yes
UL16

UL20 16.7 Viral egress; type III membrane protein; required for gK ? No
processing; gK/UL20 together inhibit glycoprotein-mediated
membrane fusion

ULI9 146 VP5 Major capsid protein; forms hexons and pentons Virion (capsid) Yes

ULI18 31.6 VP23 Minor capsid protein; UL38/ULIS/ULIS triplex component Virion (capsid) Yes

ULI17 64.2 DNA cleavage and encapsidation Virion (inner capsid) Yes

ULI6 34.8 Unknown; tegument protein; interacts with UL21 Virion (tegument) Yes

ULI5 79.1 DNA cleavage/encapsidation; terminase subunit of the UL15/UL28  Capsid precursor Yes

terminase; interacts with UL33, UL28 & UL6

Continued on facing page



VoL. 69, 2005 MOLECULAR BIOLOGY OF PSEUDORABIES VIRUS 467
TABLE 1—Continued
Gene Size (kDa) Common name Proposed function(s)* Structural role Core

ULI4 17.9 Unknown ? Yes

ULI3 41.1 VP18.8 Unknown; protein-serine/threonine kinase Virion (tegument) Yes

ULI2 51.3 AN DNA recombination; alkaline exonuclease ? Yes

ULI1 7 Viral egress (secondary envelopment); membrane-associated Virion (tegument) Yes
tegument protein

UL10 41.5 M Inhibits glycoprotein-mediated membrane fusion; glycoprotein Virion (envelope) Yes
M; type III membrane protein; C terminus interacts with
tegument protein UL49; complexed with gN

UL9 90.5 OBP Sequence-specific ori-binding protein, ATP-dependent helicase Nonstructural No
motif

ULS.5 51 OPBC C-terminal domain of UL9 ? No

ULS 71.2 DNA replication; part of UL5/ULS8/ULS2 helicase/primase complex Nonstructural Yes

UL7 29 Unknown ? Yes

UL6 70.3 Capsid protein; portal protein; docking site for terminase Virion (capsid) Yes

ULS 92.1 DNA replication; part of UL5/ULS/ULS2 helicase/primase Non-structural Yes
complex; helicase motif

UL4 15.8 Unknown ? No

UL3.5 24 Viral egress (secondary envelopment); membrane-associated ? No
protein

UL3 25.6 Unknown Nonstructural No

UL2 33 UNG DNA repair; Uracil-DNA glycosylase Nonstructural Yes

ULI 16.5 gL Viral entry (fusion); cell-cell spread; glycoprotein L; membrane  Virion (envelope) Yes
anchored via complex with gH

EPO 43.8 ICPO Gene regulation (transactivator); early protein; ND10 structure ~ Virion No
modulation; contains RING finger motif

IE180 148.6 ICP4 Gene regulation (transactivator); immediate-early protein Nonstructural No

US1I 39.6 RSp40/ICP22  Unknown; HSV-1 homolog (ICP22) acts as regulator of gene ? No
expression

US3 (minor) 429 PK Minor form of protein kinase (53-kDa mobility); inhibits ? No
apoptosis; mitochondrial targeting motif

US3 (major) 36.9 PK Viral egress (nuclear egress); inhibits apoptosis; major form of  Virion (tegument) No
protein kinase (41-kDa mobility); found in both primary and
secondary enveloped virions

US4 53.7 eG Unknown; glycoprotein G (secreted) Secreted No

UsSo 443 gD Viral entry (cellular receptor binding protein); glycoprotein D;  Virion (envelope) No
type I membrane protein

us7 38.7 gl Cell-cell spread; glycoprotein I; type I membrane protein; Virion (envelope) No
complexed with gE

USS8 62.4 ¢E Cell-cell spread; glycoprotein E; type I membrane protein; Virion (envelope) No
complexed with gl; C-terminus interacts with ULA49; protein
sorting in axons

Us9 11.3 11K Protein sorting in axons; type II tail-anchored membrane Virion (envelope) No
protein

Us2 27.7 28K Tegument protein; membrane associated protein Virion (tegument) No

“ Gene functions in italics rely primarily on studies of the HSV-1 homolog.

approximately 125 nm (348). The hexons, composed of six mol-
ecules of UL19 (VP5) and six molecules of UL35 (VP26), form
the capsid edges and faces, while the 12 pentons comprise the
vertices. Both hexons and pentons are connected in groups of
three by triplexes, UL38 (VP19C)/UL18 (VP23)/UL18 (VP23)
heterotrimers (43, 298, 408). Eleven of the pentons are pentamers
of UL19 (VPS), while the twelfth vertex is a unique cylindrical
portal made of 12 molecules of UL6 (300). Thus, each mature
capsid contains 955 molecules of UL19 (VP5), 900 molecules of
UL35 (VP26), 640 molecules of UL18 (VP23), 320 molecules of
UL38 (VP19C), and 12 molecules of UL6 (portal protein). The
portal’s ring-like channel allows one copy of the viral DNA ge-
nome to be packaged into the preformed capsid (177).

Tegument Proteins

The tegument layer fills the space between capsids and en-
velope membranes of mature herpesvirus particles (Fig. 1;
Table 1) (348). At least fourteen tegument proteins are of viral

origin, but cellular actin is also incorporated into the tegument
layer (108, 438). Tegument proteins play important roles dur-
ing viral entry and virion morphogenesis (reviewed in refer-
ence 277). Following fusion of the viral envelope with the
plasma membrane, the tegument proteins enter the cell with
the capsid and assist with host-cell takeover. These events
occur before any viral proteins are synthesized. For example,
the UL48-encoded VP16 of PRV and HSV-1 both induce
transcription of viral immediate-early genes (24, 57, 133). An-
other tegument protein, the product of the UL4! gene (PRV
vhs) has RNase activity and degrades host mRNA in a manner
similar to its HSV-1-encoded homolog (243).

Tegument complexity. The origin and evolution of the teg-
ument components remain enigmatic, as many of these pro-
teins share almost no sequence homology between alpha-, be-
ta-, and gammaherpesviruses, and most are dispensable for
viral growth in cultured cells. The tegument is composed of at
least two distinct structures: an inner layer that is tightly asso-
ciated with capsid proteins and an outer layer that is asym-
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metrically organized, heterogeneous, and interacts with the
cytoplasmic domains of viral membrane proteins. Examination
of purified virions reveals variability in the amount of VP22-
GFP incorporated into individual particles (107). Similar find-
ings were reported for other tegument proteins (249). Cryo-
electron microscopy and tomography revealed that the
tegument of HSV-1 virions was pleimorphic, forming an asym-
metric cap that occupied two thirds of the volume enclosed
within the envelope (159). The innermost layer of tegument
shows a more ordered icosahedral morphology, probably im-
parted by UL36 (VP1/2), an essential tegument protein that
may associate with the major capsid protein UL19 (VPS5), and
UL37, a tegument protein found to interact with UL36 in PRV
(136, 213, 249, 272, 452).

Envelope Proteins

Herpesvirus glycoproteins are found in almost all mem-
branes of the infected cell as well as in the virion envelope.
These membrane proteins function in virus entry, egress and
cell-to-cell spread. They also modulate the immune response
and promote syncytia formation. The genome of PRV encodes
16 membrane proteins (Table 1). Eleven membrane proteins
are modified by N- or O-linked sugars designated as gB, gC,
gD, gE, ¢G, gH, gl, gK, gL, gM, and gN (274). An additional
four transmembrane proteins that are not glycosylated (UL20,
ULA43, US9, and possibly UL24) are found in the viral enve-
lope. UL34 is a type II membrane protein found in the primary
virion envelope but not in purified preparations of infectious
virus (138, 217). During entry, the glycoproteins gC, gB, gD,
gH, and gL are responsible for virion attachment to the host
cell surface and the subsequent fusion of the viral envelope
with plasma membrane. As surface constituents of virions and
infected cells, glycoproteins represent dominant targets for the
host’s immune defense (278). A recent structural study of
HSV-1 virions reported that the envelope contains 600 to 750
glycoprotein spikes. The spikes, of various length, spacing and
angle of membrane emergence, were not distributed randomly,
suggesting functional clustering (159).

Glycoprotein nomenclature. The standard nomenclature of
PRV and HSV envelope glycoproteins was adopted at the 18th
International Herpesvirus Workshop in 1993. Most reports
published before 1995 refer to PRV glycoproteins gB, gC, gD,
¢E, gG, and gl as gII, gIII, gp50, gl, gX, and gp63, respectively.

Glycoproteins and endocytosis. Newly synthesized glycopro-
teins travel from the endoplasmic reticulum via the Golgi to
the plasma membrane. However, several PRV envelope glyco-
proteins are subsequently internalized, either spontaneously or
in response to binding of antigen-specific antibodies (125, 126,
304, 401, ). Antibody-mediated internalization of viral proteins
from the cell surface may modulate the immune response and
protect PRV-infected monocytes from efficient antibody-de-
pendent, complement-mediated lysis (413). The contribution
of antibody-independent, glycoprotein endocytosis to a suc-
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cessful viral life cycle is uncertain, but has been proposed to
play a role in immune modulation, delivery of viral cell surface
proteins to the intracellular compartment where viral envelop-
ment takes place, and redirection of viral proteins to specific
membrane surfaces (such as the apical, lateral, or basal sur-
faces of polarized cells) to facilitate cell to cell spread (re-
viewed in reference 49). The internalization of many alphaher-
pesvirus envelope proteins is mediated by tyrosine-based
(YXX®) or dileucine-based (LL) endocytosis motifs located in
their cytoplasmic domain (305, 126, 94) (reviewed in reference
49). In addition, acidic clusters containing phosphorylation
sites important in endocytosis of cell surface molecules can
also occasionally be found. These motifs are known clathrin-
mediated endocytosis motifs used by cellular receptors. In-
deed, the internalization of PRV gB is mediated by the inter-
action between its endocytosis motif and the cellular clathrin-
associated AP-2 adaptor complex (415).

Viral Replication Cycle

Figure 3 offers an overview of the productive PRV replica-
tion cycle.

Entry

The entry of herpesviruses virions into cells requires a cas-
cade of events mediated by the viral glycoproteins (Fig. 3)
(reviewed in reference 379). PRV virions first attach to cells by
the interaction of gC with heparan sulfate proteoglycans in the
extracellular matrix. PRV gD then binds to specific cellular
receptors to stabilize the virion-cell interaction. Finally, PRV
gB, gH and gL mediate the fusion of the viral envelope and the
cellular plasma membrane to allow penetration of the viral
capsid and tegument into the cell cytoplasm. Contrary to the
adsorption step, membrane fusion is an energy- and tempera-
ture-dependent process (29). Tegument proteins in the outer
layer (UL11, UL46, UL47, UL48 and UL49) quickly dissociate
from the capsid following fusion of the viral envelope with the
cell plasma membrane (154, 249), a process that may be reg-
ulated by phosphorylation (290). After fusion of HSV-1 viri-
ons, the capsids interact with dynein, a cellular microtubule-
associated motor protein, for transport along microtubules
from the cell periphery to the nuclear pore (113, 376). Simi-
larly, intracellular PRV capsids frequently associate with mi-
crotubule-like structures shortly after infection (154, 156). One
study identified PRV nucleocapsid antigens localized to a pe-
rinuclear structure thought to be the microtubule organizing
center (200). A recent immunoelectron microscopy study in
PRYV found that the inner layer of tegument proteins (UL36,
UL37, and US3) remained associated with the capsid during its
transport across the cytoplasm to the nuclear pore (154). UL36
and UL37 also associate with capsids during retrograde axonal
transport to the nucleus after virus entry in cultured chick
neurons (249). After capsid docking at the nuclear pore, the

FIG. 2. Linear map of the PRV genome: predicted gene and transcript organization. The PRV genome consists of a long and a short unique
segment, named U, and Ug, respectively. The Ug region is flanked by the inverted repeats IRS and TRS. The predicted locations of core and
accessory genes, transcripts, DNA repeats, splice sites, and the origin of replication are indicated. (Modified from reference 219.)
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FIG. 3. Replication cycle of PRV. 1. Entry begins with attachment or binding of the virus particle to the cell surface. In PRV, this initial binding
step is an interaction between gC in the virion envelope and heparan sulfate on the surface of the cell. 2. The next steps of entry require gD, gB,
gH, and gL.. In PRV, although gD is not essential for membrane fusion or cell-cell spread, gD interacts with the cellular herpesvirus entry mediator
(HVEM) and is required for entry of extracellular virus (penetration). 3. After fusion of the virion envelope with the cell membrane, the capsid
and tegument proteins are released into the cell. The viral tegument proteins begin takeover of the host cell protein synthesis machinery
immediately after entering the cell. 4. The capsid and tightly bound inner tegument proteins are transported along microtubules to the cell nucleus.
5. The VP16 tegument protein localizes to the nucleus independent of the capsid and transactivates cellular RNA polymerase II transcription of
the only immediate-early protein of PRV, the HSV ICP4 homolog IE180. 6. IE180 protein expressed in the cytoplasm is transported back to the
nucleus. 7. There, it transactivates RNA polymerase II transcription of the early genes. 8. Early proteins fall into two main categories. The first
category comprises 15 proteins involved in viral DNA synthesis. 9. Seven of these proteins (ULS, ULS, UL9/OBP, UL29/ssDNABP, UL30/DNA
Pol, UL42/Pap, and UL52) (shown in blue) are essential for replication of the viral DNA. DNA replication occurs by a rolling-circle mechanism.
10. The second category comprises three proteins thought to act as transactivators of transcription (EPO, US1, and UL54). 11. Onset of DNA
synthesis signals the start of the late stage of the PRV replication cycle and synthesis of true late proteins. 12. The capsid proteins are transported
to the nucleus, where they assemble around a scaffold composed of the product of the UL26 and UL26.5 genes. 13. The mature capsid is composed
of five proteins (UL19/VP5, UL18/VP23, UL2S5, UL38, and UL35). The product of the UL6 gene acts as a portal for insertion of the genomic DNA
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PRV genomic DNA is released into the nucleus from what
appear to be morphologically intact capsids (154, 156).

Herpesvirus entry mediators, cellular receptors for PRV
entry. Five cellular gD receptors, also known collectively as
herpesvirus entry mediators, have been identified based on
their capacity to allow entry of herpes simplex viruses into
cells: HveA (TNFRSF14), HveB (PRR2, nectin 2), HveC
(PRRI1, nectin 1), HveD (PVR, CD55), and 3-O-sulfated hepa-
ran sulfate (reviewed in references 275, 377, and 378). Human
HveB, HveC,and HevD, but not HveA or 3-O-sulfated hepa-
ran sulfate, could mediate entry of PRV into CHO cells, with
HveC being the most effective (306). HveC encodes nectin 1, a
protein important for cell adhesion, and the mammalian HveC
homologs are found to be highly conserved: the porcine ho-
molog shares 96% amino acid identity with the human ho-
molog (284). Both human and porcine HveC can mediate the
entry of HSV-1, HSV-2, PRV, and BHV-1 (88, 146, 284).
HveC was also found as the primary receptor for HSV-1 in-
fection in rat and mouse sensory neurons (337).

Regulation of viral glycoprotein-induced membrane fusion.
Transfected cells expressing PRV gB, gH, and gL can induce
cell fusion in the absence of gD (221). In contrast, all four
proteins are required for HSV1 glycoprotein-induced cell fu-
sion (410). HSV-1 and PRV gD differ in glycosylation (PRV
gD lacks the N-glycosylation sites found in HSV-1 and is in-
stead only O-glycosylated [90, 321] and their role in cell-to-cell
spread: gD is required for PRV penetration (Fig. 3-2) but not
for cell-to-cell spread (316), while gD is required for both
processes in HSV-1. The transfection-based assay serves as a
model for membrane protein involvement in cell-cell spread. A
number of PRV membrane proteins inhibit fusion when co-
transfected with fusogenic glycoproteins: gM, UL43, or the
combination of gK and UL20, all significantly reduce cell fu-
sion (212, 221).

The fusion inhibition function of gM seems to be conserved
among Herpesviridae. Like gM homologs in other herpesvi-
ruses, PRV gM forms a disulfide bond with the product of the
UL49.5 gene, gN (2, 195, 231, 251, 238, 444). Yet, PRV gM is
capable of inhibiting fusion in the absence of gN while the
HSV-1, EHV-1, ILTV, BHV-1 and HHVS8 homologs inhibit
membrane fusion only when coexpressed with their UL49.5
homologs (94, 221, 223, 231). PRV gM inhibits fusion by in-
ternalizing viral glycoproteins from the plasma membrane and
redirecting them to the Golgi apparatus (94). Likewise, the
amount of cell surface viral glycoproteins is reduced when
HSV-1 gK and UL20 are expressed together (11). PRV UL20
is required for the maturation of gK, and both proteins are
required to inhibit fusion in the transfection based assay (111,
212). Inhibition of membrane fusion between infected and
uninfected cells may promote efficient cell-cell spread of virus,
while the internalization of fusogenic glycoproteins may direct
them to sites of secondary envelopment.
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Viral Transcription Activators and the
Transcription Cascade

The transcription cascade is the temporally ordered se-
quence of RNA polymerase II-directed gene transcription that
is a molecular hallmark of herpesvirus infection. The viral
genes can be subdivided into at least three classes of succes-
sively expressed transcripts (reviewed in reference 29, 347).
Viral transcription activators expressed during the first hour or
two after infection propel the transcription cascade forward by
activating transcription of the next set of viral genes. Herpes-
virus immediate-early genes are synthesized directly following
infection. Their appearance does not require new viral protein
synthesis since their promoters are recognized by host tran-
scription factors and RNA polymerase II. The early genes
require the viral transactivators encoded by the immediate-
early genes, and their transcription is sensitive to protein trans-
lation inhibitors such as cycloheximide. True late genes require
viral DNA replication for efficient transcription and their ex-
pression is severely impaired in the presence of phosphono-
acetic acid, an inhibitor of DNA replication. The mechanistic
details of the switch from early to late gene transcription in
PRV-infected cells remain unknown. Immediate-early gene
products usually function either to activate the viral transcrip-
tion cascade, to modulate host antiviral defense, or to exploit
cell physiology required for productive viral infection. The
early genes encode viral products required for DNA replica-
tion and nucleotide metabolism, while the late genes tend to
encode proteins required for virion assembly and egress.

Earlier studies in rabbit kidney cells have described the
general appearance kinetics of PRV-encoded transcripts and
proteins (29). The length of time required to complete the
PRV growth cycle varies according to cell types, and in the
most commonly used cell types, viral progeny can be detected
within 4 to 5 h. The immediate-early IE180 transcript is syn-
thesized within 40 min of infection and the IE180 protein is
synthesized up until 2.5 h postinfection. Early transcripts ap-
pear around 1 hour postinfection, with transcript levels peak-
ing around 3 to 4 hours postinfection (early mRNAs) or later
(early-late mRNAs). Early proteins are synthesized most abun-
dantly between 1 and 4 hours postinfection, prior to and during
the early stages of DNA replication. The products of early-late
mRNAs appear around 1.5 hours postinfection but their syn-
thesis peaks at later times (between 4 and 9 hours postinfec-
tion). Finally, late mRNAs are detected as early as 2.5 hours
postinfection (when viral DNA synthesis starts), and their pro-
tein products are detectable around 3 hours postinfection, pro-
gressively accumulating to high levels thereafter.

IE180. PRV encodes only one genuine immediate-early
gene, IE180 (ICP4 homolog). In contrast, most herpesvirus
genomes express several immediate-early proteins. For exam-
ple, HSV-1 encodes at least five: RL2 (ICP0), UL54 (ICP27),

into the capsid. UL32, UL33, UL15 (Ex2), and UL17 are all involved in cleavage and packaging of the viral DNA. 14. During primary envelopment,
the fully assembled nucleocapsid buds out of the nucleus, temporarily entering the perinuclear space. This process involves the products of the
UL31 and UL34 genes along with the US3 kinase. 15 and 16. The nucleocapsid (15) loses its primary envelope and (16) gains its final envelope
by associating with tegument and envelope proteins and budding into the trans-Golgi apparatus. 17. The mature virus is brought to the cell surface
within a sorting compartment/vesicle derived from the envelopment compartment.
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RSI (ICP4), USI (ICP22), and USI2 (ICP47). PRV does not
encode an ICP47 (US12) homolog, because the PRV genome
lacks the DNA corresponding to HSV-1 US10, US11, and
US12. Though the PRV genome lacks the IRL and TRL re-
peats found in HSV-1, an ICP0 homolog called EPO0 is located
in the PRV U, region. Both EPO and the ICP27 homolog
encoded by UL54 are expressed with early kinetics in PRV (25,
76, 182). PRV USI mRNA accumulates in the presence of
cycloheximide and may be an immediate-early gene but no
other analysis has been done (132). The related VZV contains
three immediate-early proteins, ORF4 protein (ORF4), IE62
(ORF62) and IE63 (ORF63), homologs of ICP27 (UL54), ICP4
(RSI), and ICP22 (US1), respectively (91). VZV IE62 serves as
the major immediate-early transactivator of viral genes during
Iytic infection, stimulating the transcription of all VZV pro-
moters tested (91).

The IE180 transcript is the predominant PRV transcript
detected in cycloheximide-treated rabbit kidney cells, appear-
ing as early as 30 min postinfection (127, 185). As expected, the
1IE180 promoter drives expression of a reporter gene in the
absence of any viral protein synthesis or infection (58, 232).
Unlike some of the HSV-1 immediate-early genes (/CPO,
ICP22, and ICP47), the IE180 transcript is not spliced in in-
fected bovine kidney cells (79). The IE180 protein is 1,460
amino acids long and contains two ICP4-like domains (amino
acids 493 to 669 and amino acids 1052 to 1366, respectively)
(78). Though predicted to have a molecular mass of 153 kDa,
the product of the IE180 gene migrates as a 180-kDa protein
during sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, is reportedly phosphorylated (86), and accumulates
in the nuclei of infected cells (391, 446). A nuclear localization
signal was mapped to the positively charged region (amino
acids 930 to 935) RRKRR (391).

Like HSV-1 ICP4, the PRV IE180 gene is present in two
copies in the genome, located in the IRS and TRS repeats. The
gene is essential for viral replication in tissue culture, as it is
required for the efficient transcription of early (and possibly
late) viral genes (reviewed in reference 29). When subjected to
the nonpermissive temperature, the temperature-sensitive
IE180 mutant tsG, arrests the infection at the immediate-early
stage, expressing only /EZ/80 RNA and IE180 protein (185).
Recombinant PRV deleted for both copies of IEI80 fails to
synthesize viral products (445). Since most of the IE180 gene
overlaps with the oppositely transcribed large latency tran-
script (LLT) (76), deletions in /E180 delete a portion of LLT
as well. Studies using a recombinant PRV with altered /E180
promoters determined that infection initiation in cultured cells
depends on the induction of IE180 (152). Finally, cells express-
ing a dominant negative form of /E180 that strongly represses
the IE180 promoter support PRV replication very poorly, but
allow normal replication of HSV-1 (309).

The role of IE180 as a potent transcriptional activator has
been well established. Like most typical cellular activators,
IE180 contains a separate domain for DNA-binding and an-
other for trans-activation (258, 441). A strong acidic activation
domain maps to the N terminus (amino acids 1 to 34) of IE180
(258). In vivo, IE180 has been shown to activate gene expres-
sion from the following PRV promoters: US4 (gG), ULI2
(AN), UL22 (gH), UL23 (thymidine kinase), and UL4!/ (vhs)
(73, 312, 389). IE180 has a dose-dependent effect on the UL41
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promoter, activating gene expression at low levels, but inhib-
iting it at higher doses (73). It is not known whether this
mechanism reflects IE180 negative autoregulation, where ex-
pression of IE180 decreases gene expression from its own
promoter (420). IE180 can also activate transcription from
cellular promoters such as human beta-globin and topoisom-
erase I (157, 439) and viral promoters such as adenovirus 2
early genes (187, 442), simian virus 40 early genes (157), and
human immunodeficiency virus long terminal repeat (449).
Partially purified IE180 protein can activate transcription ini-
tiation in vitro from human promoters beta-globin and hsp70
(157, 439), and IE180 may aid the formation of a stable tran-
scription preinitiation complex by enhancing TFIID binding
(D).

Like its homolog in VZV (ORF62) and HSV-1 (ICP4), the
IE180 DNA-binding activity is located in the first ICP4-like
domain (441). IE180 has been shown to bind both single-
stranded (86) and double-stranded DNA. Partially purified
IE180 exhibits specific DNA-binding activity at the promoters
of the adenovirus major late gene, human hsp70, PRV US4
(gG), and at the PRV LAPI promoter (93, 312, 313). In DNA
protection assays, IE180 protected sites located near the tran-
scription initiation site as well as sites upstream of the core
promoter. The high affinity binding sites (25 to 28 nt long)
protected in herpesvirus promoters share only a 5'-ATCGT-3’
sequence (441), while the affinity sites in the adenovirus
major late and human hsp70 promoters contained a near-
identical 5'-CATCG-3'. The direct IE180 binding site at the
PRV US4 promoter maps to a different sequence, the TEF-1
(transcription-enhancing factor 1) element, 5'-TGGAATGT
G-3" (312). However, we note that consensus TEF-1 ele-
ments are found only once in the PRV genome. It is clear
that IE180, like ICP4, recognizes highly degenerate or
nonconsensus DNA sequences.

As the first viral gene to be transcribed during infection, the
IE180 promoter can direct expression of a reporter gene in the
absence of any viral protein synthesis or infection (58, 232).
The upstream region of the promoter contains numerous bind-
ing sites for cellular transcription factors: nine imperfect direct
repeats (approximately 80 bp each) containing Oct-1 and NF-
wE1 binding sites (232, 420). The core promoter itself contains
a TATA, as well as Spl and CCAAT motifs (420). IFN-a
treatment of Vero cells reduces gene expression from the
IEI80 promoter, and a negative regulation element was
mapped to be within 90 bp upstream of the transcription ini-
tiation site (407). The negative autoregulation of /EI80 tran-
scription is probably direct, since the IE180 DNA-binding do-
main can bind the IEI80 promoter (441). Mapping of the
IE180 protein regions critical for negative autoregulation sug-
gests that the DNA-binding domain is required (389). We
notice two CATCGT elements flanking the /E780 transcription
initiation, and suggest them as likely targets for IE180 binding.

Despite the effect of IE180 on cellular gene expression,
stable IE180-expressing lines were established in both Vero
and PK15 cells to complement IE180-deleted PRV, though the
authors also noted that IE180 expression seemed to enhance
or reactivate the production of endogenous retroviruses in
PK15 (445). The effect of IE180 on global cellular gene tran-
scription awaits further study, as its effects are unlikely to be
confined to the beta-globin and hsp70 genes.



VoL. 69, 2005

EPO0. As the name implies, the Early Protein 0 (EP0) gene is
transcribed with early kinetics (76). The protein can be de-
tected within 2 h after infection, and an additional slower
migrating form appears later (310). The PRV EPO has been
detected within virions and shares the characteristics of a pro-
miscuous transactivator (310). Recombinant EPO can activate
transcription initiation from synthetic TATA-based promoters
in nuclear extracts (176). Expression of EPO in vivo activates
gene expression from PRV promoters, such as IE180, UL23
(thymidine kinase), and US4 (gG), as well as other viral pro-
moters, such as VZV ORF29, HSV-1 UL23 (thymidine kinase),
simian virus 40 early gene, and human immunodeficiency virus
type 1 long terminal repeat (288, 424). However, EPO has the
opposite effect on the UL4I (vhs) promoter, reducing gene
expression (73). Whether EPO acts directly or indirectly to
modulate transcription is not yet established. EPO localizes to
the nucleus following infection or transfection. Although no
typical nuclear localization signal can be found in the EPO
protein sequence, deletion analysis suggests the existence of
multiple nuclear localization signals within EP0O (423, 424).

Most of the EPO gene overlaps with the oppositely tran-
scribed large latency transcript (LLT) (76), so that deletions in
EPO0 inevitably delete part of the LLT as well. EPO is dispens-
able for viral growth in cultured cells, but in its absence, viral
titers and plaque size are reduced (18, 38). EPO-negative PRV
mutants are attenuated in mice, swine and neonatal piglets (38,
81, 428). The lack of EPO does not impair PRV in reaching and
persisting in the trigeminal ganglia of swine after intranasal
inoculation (80), but the amount of viral DNA harbored in
trigeminal ganglia tissue is found to be reduced and dexameth-
asone is not effective in inducing the reactivation of infectious
mutant virus.

There are two possible sources of the reactivation defect
observed in EP0O-negative infected animals: as the only gene
known to be transcribed during latency, LLT seems the likely
gene to be involved, but alternatively, the impaired reactiva-
tion could be due to the reduced replication of the mutant
virus, a defect ascribed to the loss of EPO function. Despite the
reduced virulence and apparent defect in reactivation, an EP0
deletion mutant was able to elicit complete protective immu-
nity in very young piglets (428), making the gene a potential
target in PRV vaccine engineering.

EPO0 is functionally homologous to the immediate-early ICPO
(RL2) gene of HSV-1, and they share little homology beyond
a conserved C;HC, RING finger domain, a zinc-binding motif
thought to mediate protein-protein interactions (76). The PRV
EPO transactivation domains have been mapped to the N ter-
minus and to the RING finger domain, and an intact RING
domain is required for enhanced expression from PRV TK and
IE180 promoters (423).

Expression of PRV EPO or one of its homologs in related
alphaherpesviruses (HSV-1 ICP0, VZV Vg61, BHV-1 BICPO,
and EHV-1 Eg63) causes changes to ND10 structures and
induces the colocalization of normally diffuse conjugated ubiq-
uitin (314, 315). ND10 structures are repositories of transacti-
vating factors, but their exact function remains uncertain (re-
viewed in reference 262). The growth defect of a PRV EPO
deletion mutant in cultured cells could be complemented by
expression of the HSV-1 or VZV homolog (288). The con-
served functions between alphaherpesvirus ICPO homologs are
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likely to derive from the presence of the conserved RING
finger domain. The RING finger region of HSV-1 ICPO is
essential for its regulation of gene expression, stimulation of
lytic infection, enhancement of reactivation from quiescence,
disruption of ND10 structures, induction of proteasome-de-
pendent degradation of cellular proteins, and interaction with
cyclin D3 (reviewed in reference 162). ICPO0 also plays a role in
blocking the antiviral effects of interferon in mice. It has re-
cently been proposed that the multitude of functions demon-
strated by HSV-1 ICPO indirectly derive from its ability to
serve as a component of the ubiquitin proteasome pathway
(162). In this model, ICP0 does not regulate gene expression at
the level of transcription, but rather at the level of protein
stability (162).

Other regulators of gene expression: UL54, UL41, and
UL48. PRV UL54 and UL41 are likely to encode potent reg-
ulators of both viral and cellular gene expression. In HSV-1,
UL54 encodes ICP27, a multifunctional RNA-binding protein
that stimulates or inhibits transcription in a gene-specific man-
ner, inhibits pre-mRNA splicing, modulates pre-mRNA poly-
adenylation and stability, and exports viral mRNAs into the
cytoplasm (83, 166, 167, 223, 244, 267, 271, 336, 358). While
HSV-1 UL54 (ICP27) is expressed as an immediate-early gene,
PRV UL54 is expressed with early kinetics (182).

Like HSV-1, the PRV UL54 protein resides in the nucleus
of infected cells and avidly binds poly(G) RNA (182). The
predicted protein sequence shows a zinc-finger like motif of
unknown importance at the C terminus and an N-terminal
arginine-glycine rich stretch (amino acids 45 to 54) that resem-
bles the RGG RNA-binding motif found in HSV-1 ICP27
(273). PRV deleted for UL54 shows reduced cell-cell spread,
and this defect can be complemented by expression of the
homologous proteins of HSV-1 (ICP27) or VZV (ORF4)
(364). Furthermore, the absence of UL54 reduces viral repli-
cation and alters viral gene expression: gC (UL44) amounts
were reduced, gK (UL53) was absent, and the levels of gB
(UL27), gE (US8) and US9 were increased. Whether these
changes can all be attributed to the loss UL54 is unclear: UL54,
UL53, and ULS2 are transcribed as 3'coterminal transcripts
and a UL54 deletion is expected to alter the 3’ untranslated
region of the UL53 and UL52 mRNAs (Fig. 2) (219). Indeed,
deletion of UL54 reduces the mRNA levels of UL53 and UL52,
encoding gK and a component of the viral replication machin-
ery, respectively (364).

UL41 is conserved within alphaherpesviruses and encodes
the vhs protein responsible for the virion kost shut-off of cel-
lular protein synthesis. Upon entry, the HSV-1 vhs protein
present in the tegument induces the degradation of cellular
(and viral) mRNAs (360, 235) by endoribonucleolytic cleavage
of target RNAs (114). Subsequently, newly synthesized UL48
(VP16) binds to the vhs protein to inhibit its activity and allow
the viral mRNAs to accumulate (239, 370). PRV ULA41 lacks
the VP16 binding site found in HSV-1, but has partially con-
served the putative mRNA binding domain found in HSV-1 (6,
34). The PRV ULA1 protein exhibits RNase activity, but is less
active than HSV-1 vhs (114, 243, 359). As expected, deletion of
PRV ULA41 abrogates the degradation of host mRNAs and
shows an early delay in viral growth (5). Unlike the early host
protein shut-off observed with HSV-1, PRV infection results in
a delayed shut-off similar to that seen in VZV, and requires de



474 POMERANZ ET AL.

novo viral protein synthesis (5, 29, 30, 114, 185, 359). Like the
VZV vhs homolog (ORF17), PRV ULA41 is found in purified
virion despite its lack of the VP16-binding site used for HSV-1
ULA1 virion incorporation (243, 359). The PRV UL41 pro-
moter can be transactivated by IE180 (73).

The tegument protein VP16 is encoded by UL48, a gene
conserved among Alphaherpesvirinae (133). HSV-1 VP16 is
known under many names (UL48, o-TIF, Vmw65, or ICP25),
and possesses multiple functions during induction of viral gene
expression and viral egress (57, 292). The transactivation prop-
erties of HSV-1 VP16 have been extensively studied (347).
Like its homologs in other alphaherpesviruses (24, 286, 289),
PRV VP16 enhances expression of viral immediate-early genes
in newly infected host cells (133). Virions lacking the UL48
gene and UL48 protein failed to produce the normally abun-
dant /E180 transcript upon infection, leading to delayed onset
of replication, reduced titers, and small plaque size in cultured
cells (133). Like many other tegument proteins, PRV UL48
also functions in virion morphogenesis and egress: UL48-neg-
ative PRV mutant accumulates unenveloped cytoplasmic cap-
sids (133). In vivo, the UL48-negative PRV mutant exhibits
reduced virulence and neuroinvasion after intranasal inocula-
tion of mice (210). The late apparition of clinical signs and
extended time to death correlates with, and seems to be ex-
plained by, a delayed neuroinvasion of both first-order and
second-order neurons.

PRV also modulates the host translation machinery, though
little is known about the mechanistic details (reviewed in ref-
erence 29). In vitro translation of infected cell mRNAs in
rabbit reticulocyte lysates find that a significant proportion of
cellular mRNAs fail to be translated and that some early viral
mRNAs are translated poorly or not at all. Furthermore, the
polysomal mRNA species isolated from infected cells repre-
sent only a subset of cytoplasmic mRNA species.

Host Transcript Changes during PRV Infection

DNA microarray technology has enabled investigators to
examine the global modulation of cellular and gene transcrip-
tion following internal and external stimuli, including infection
by herpesviruses (54, 194, 291, 388, 400). A recent study com-
pared the viral regulation of host cell gene expression during
the productive infection by HSV-1 and PRV (334). Though the
two viruses have distinct natural hosts and low DNA sequence
homology, they display a high degree of similarity in their viral
replication cycles, virion structures, gene organizations, and
gene functions (29). Rat embryonic fibroblasts were used as a
common permissive cell type for both viruses. While rats are
not a natural host for either PRV or HSV-1, both viruses
exhibit similar virulence and pathogenic effects in rodents as in
their natural hosts, which may reflect common molecular in-
terfaces of host and viral gene products during infection. Sur-
prisingly, only 32% (498 out of 1,549) of cellular transcripts,
representing diverse host functions, were similarly affected by
viral infection of HSV-1 and PRV. Most of the alterations in
cellular transcript levels occurred late in infection and were
unlikely to derive from a general stress response, since more
than a third of these late changes are virus-specific. Commonly
affected genes included oxidative-stress response genes, heat
shock genes, and genes involved in the phosphatidylinositol
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3-kinase/Akt signaling pathway. Interferon- and interleukin-
related genes were altered after HSV-1 but not PRV infection.
Further comparison with array data from the transcriptional
response of human cells to HSV-1 infection, find only 29 HSV-
1-responsive genes shared by rat and human cells, and just 12
of those are similarly affected by PRV.

Gene Expression during Latency

After host survival of an acute infection, the herpesvirus
genome resides in the nuclei of host cells for the remainder of
the host’s lifetime. Reactivation from latency allows spread to
naive hosts and maintains the presence of the virus in the
population (117). In pigs, neurons in the trigeminal ganglia are
the primary site of PRV latency (161). PRV genomes in the
trigeminal ganglia are transcriptionally active although only a
small region of the genome is transcribed (77). These latency-
associated transcripts (LATSs) are transcribed from the strand
opposite that encoding EPO and IE180 in a region overlapping
the IRS (76, 325, 326). LATs of multiple sizes can be detected
in infected swine trigeminal ganglia (76, 77, 326). The largest is
the 8.4-kb large latency transcript (LLT). It is possible that
some of the smaller PRV LAT transcripts are stable introns
spliced from the larger LLT as is the case for HSV-1 (124).

Transcription from the PRV LAT region is active during
lytic infection of cultured mammalian (PK15 and MDBK) cells
although a different set of transcripts is expressed (191). Two
LLT promoters have been identified. The first latency-active
promoter (LAPI) has a TATA box located 34 nucleotides
upstream from the initiation site of the LLT (76). The LAP2
TATA sequence is 143 bp downstream. The roles of the two
latency-active promoters appear to be similar to those de-
scribed for HSV-1 (75). LAPI is thought to be a neuron-
specific promoter but is not required for LAT transcription in
cultured cells (183, 192). LAP2 is active in both neuronal and
nonneuronal cells (82, 390). The PRV LAT promoter (LAPI,
LAP2, and upstream region) is sufficient to direct transgene
expression in the trigeminal ganglia and other neuronal tissues
of transgenic mice (392).

PRV IE180 is likely involved in the complicated, cell type-
specific regulation of LAT transcription. IE180 binds oligonu-
cleotide sequences corresponding to LAPI and TE180 down-
regulates expression of a LAPI-driven reporter gene in mouse
neuroblastoma Neuro-2a cells (313). However, IE180 down-
regulates transcription only in nonneuronal and not Neuro-2a
cells when a larger region of the LAT promoter (LAPI, LAP2,
and region upstream of LAPI) is used (390). The interaction of
the immediate-early protein with the LAT promoter may be an
initiating step in PRV reactivation from latency.

In contrast to the wealth of information regarding latent
infection cycles of other alphaherpesviruses (193), relatively
little is known about PRV gene expression during latency.
Ongoing research, including the development of the mouse
model of latent PRV infection and reactivation (discussed un-
der Models for Reactivation from Latency) will undoubtedly
identify the shared and unique aspects of the PRV latent
infection cycle compared to other alphaherpesviruses.
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DNA Replication

The structure of PRV DNA during replication is reviewed in
reference 29), while the core functions of the herpesvirus DNA
replication machinery is summarized in (347). Upon entry into
the host nucleus, the linear viral DNA genomes assume a
circular form and are quickly repaired of nicks and misincor-
porated ribonucleotides. Genome circularization most likely
occurs by blunt end ligation of the free ends and does not
require any viral protein synthesis. The circular genomes serve
as the template for DNA synthesis, and the initial theta repli-
cation mechanism quickly switches towards a rolling-circle
mechanism of DNA replication. The latter process produces
replicated DNA in the form of long linear concatemeric ge-
nomes that serve as the substrate for genome encapsidation.

Serial passage of alphaherpesviruses at high multiplicities of
infection can result in the establishment of a parasitic subpopu-
lation of defective altered viral genomes that can be replicated
and packaged into virion-like particles, but only in the pres-
ence of helper virus. The virion-like particles containing these
genomes are called defective interfering particles (DIPs), as
they can compete and interfere with the functional viral ge-
nome during DNA replication and encapsidation. Indeed PRV
DIP genomes are found enriched for origins of replication and
packaging signals (26, 28, 131, 174, 342, 343, 382, 440).

Herpesviruses encode many of the enzymes required for
viral DNA replication. Seven HSV-1 proteins are required for
origin-dependent synthesis of plasmid DNA: ULS52, ULA42,
UL30, UL29, UL9, ULS, and ULS (reviewed in reference 241).
All seven genes are found conserved in PRV and are presumed
to function similarly (Table 1). UL52, ULS, and ULS are es-
sential core genes encoding the subunits of the heterotrimeric
primase-helicase complex, having been well studied in HSV-1,
but not in PRV (reviewed in reference 241). UL30 and UL42
are essential genes conserved within all Herpesviridae, and en-
code the catalytic subunit (Pol) and polymerase-associated
protein (Pap) of the viral DNA-dependent DNA polymerase
holoenzyme, respectively (348). PRV UL30 possesses a DNA
polymerase activity that could be stimulated by the addition of
PRV ULA2 in vitro, similar to what is seen for HSV-1 (35). The
stimulation by UL42 was abrogated in a UL30 mutant missing
the C-terminal 30 amino acids. Because of its potential as a
target for antiviral drugs, HSV-1 UL30 has been extensively
studied; antiherpetic drugs targeting UL30 include phospho-
noacetic acid, foscarnet, and acyclovir.

PRV UL29 contains a conserved zinc-binding motif and a
conserved DNA-binding region (443) and plays an essential
role in viral genome replication (31). The protein is thought to
bind the single-stranded DNA in unwound DNA and replica-
tion forks. Recombinant UL29 protein binds single-stranded
DNA in a nonspecific and cooperative manner (443). Further-
more, the recombinant protein also physically interacts with
the UL12 alkaline nuclease to stimulate its DNase activity,
suggesting a possible role in viral recombination as well (179).
A motif of the helicase type II superfamily is conserved among
UL9 homologs, but little else is known about the PRV UL9
protein. HSV-1 UL initiates viral DNA replication by binding
and unwinding viral origins of replication (oriS and oriL) (347).
A separate transcript, encoded by PRV ULS.5 is translated
into a protein of unknown function that corresponds to the
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C-terminal 470 amino acids of the UL9 protein (112). The
ULR.S5 protein is conserved with 47% identity in HSV-1 but no
homolog has been described for other alphaherpesviruses,
aside from the larger UL9 gene. HSV-1 ULS.5 has been des-
ignated OBPC and is capable of binding the HSV-1 origins of
replication in vitro (19).

In addition to viral proteins, host proteins are likely required
for PRV DNA replication. In HSV-1, cellular DNA polymer-
ase alpha-primase, DNA ligase I, and topoisomerase II have all
been proposed to participate in viral DNA synthesis (reviewed
in reference 37). Host recombination proteins have also been
suggested to play a role in HSV-1 DNA replication (reviewed
in reference 434).

Nucleotide Metabolism

Herpesvirus genomes encode several enzymes involved in
nucleotide metabolism. For example, both the HSV-1 and
PRYV genomes encode a dUTPase (UL50), a thymidine kinase
(UL23), and a two-subunit ribonucleotide reductase (UL39/
UL40). The PRV and HSV-1 genomes also encode a uracil
DNA glycosylase (ULZ2) as well as an alkaline nuclease (UL12),
which serve in viral DNA repair, recombination and DNA
concatemer resolution (reviewed in reference 347). Because
the corresponding host cell enzymes are virtually absent in
nondividing and terminally differentiated cells, these viral gene
products enable infection of resting cells (i.e., neurons). In-
deed, these genes tend to be dispensable for viral replication in
dividing cultured cells, but contribute to virulence in animal
models (reviewed in reference 40).

PRV UL50 encodes a bona fide dUTPase that is not incor-
porated into virions (198). Host and viral dUTPases catalyze
the hydrolysis of dUTP into dUMP and pyrophosphate. Re-
ducing the amount of dUTP is predicted to decrease misincor-
poration of dUTP into viral DNA, while the new product,
dUMP, can serve as a precursor for dTMP and dTTP synthesis.
PRV ULS50 is dispensable for replication in cultured cells, its
absence only slightly delaying viral growth kinetics (198). How-
ever, the same UL50-negative PRV strain is attenuated when
young pigs are inoculated intranasally (196). Prior infection
with the UL50-negative strain conferred protective immunity
against Aujeszky’s disease, making UL50 a good deletion tar-
get for safe and potent live vaccines.

UL39 and UL40 encode the small subunit (RR1) and large
subunit (RR2) of the viral ribonucleotide reductase, respec-
tively (201). UL39 is conserved within Herpesviridae and con-
tains blocks of highly conserved sequences that are also found
within the large subunit of cellular ribonucleotide reductases
(201). Ribonucleotide reductase catalyzes the reduction of ri-
bonucleotides into deoxyribonucleotides, the substrates for
DNA synthesis. As opposed to most cellular ribonucleotide
reductases, the PRV-encoded enzyme is resistant to dTTP
product feedback inhibition (reviewed in reference 29). PRV
strains mutated for either UL39 or UL40 are able to replicate
in cultured cells but are severely attenuated in pigs and mice
(103, 104).

UL23 is only found within the Alphaherpesvirinae and Gam-
maherpesvirinae and encodes the viral thymidine kinase. Cells
also contain a thymidine kinase, and the phosphorylation of
deoxythymidine is a critical step in the synthesis pathway of
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dTTP, a substrate for DNA synthesis. Herpesvirus thymidine
kinases have broader substrate specificity than their host coun-
terparts, allowing the development of nucleoside analogs, such
as acyclovir, that can be phosphorylated into antiviral com-
pounds (347). PRV thymidine kinase possesses thymidine ki-
nase activity in vitro though its substrate spectrum is much
more limited than that of HSV-1 thymidine kinase (254; re-
viewed in reference 29). While PRV UL23 is not essential for
viral growth in most cultured cells, UL23-negative PRV mu-
tants prove to be highly attenuated in mice, rabbits and pigs,
and confer protective immunity against PRV challenge in pigs
(208, 268). A thymidine kinase defect is responsible for the
attenuation of the Tatarov vaccine strain (245).

PRV ULI12 encodes the alkaline nuclease, an endo-exonu-
clease with catalytic properties similar to that of the bacterial
recombination DNase RecBCD (180, 181). A ULI2 PRV in-
sertion mutant shows a strong reduction of virulence in mice
(104). The HSV-1 homolog is a nuclease involved in the pro-
cessing of replication intermediates of viral genomic DNA
(324).

PRV UL?2 is predicted to encode a uracil-DNA glycosylase,
an enzyme conserved within prokaryotes and eukaryotes (105).
Uracil DNA glycosylases (UDG or UNG) serve to remove the
uracil bases that can occur following DNA damage (347). Re-
moval of the uracil base then allows DNA repair to proceed.
PRV UL2 has not been studied yet. HSV-1 UL2 is not essential
for viral replication in cultured cells, but plays a role in viral
pathogenicity and reactivation from latency (329).

Capsid Formation

The alphaherpesvirus capsid assembly pathway is now fairly
well understood thanks to a combination of in vivo and in vitro
studies (299) (reviewed in references 177 and 383). Capsids
assemble in the nucleus of the cell, and require the mature
capsid constituents (UL38, UL35, UL25, UL19, UL1S, and
ULS6), and two scaffolding proteins (UL26 and UL26.5) that
participate in capsid formation but are not found in the mature
virion. Like HSV-1, three types of capsids are found in PRV-
infected cells, called A-, B-, and C-capsids (149, 333). The
three differ in density and morphology because of the content
inside their icosahedral shell: C-capsids resemble the capsids
found in the infectious virion, and contain the viral genome
DNA in densely coiled, liquid crystalline arrangement (42);
B-capsids are mainly filled with VP22a, the cleaved form of the
scaffold protein encoded by UL26.5 (298); and the inner core
of A-capsids is devoid of protein and DNA, and is thought to
represent an abortive form produced from failed attempts to
package DNA (365). Pulse-chase experiments in EHV-1
showed that B-capsids could package DNA to mature into
C-capsids and eventually into mature virions, while A-capsids
could not (319). All three types of capsids are thought to arise
from the maturation of a common precursor, called the pro-
capsid (177).

Cyclooxygenases and capsid assembly. DNA microarray
studies of cellular mRNA found cyclooxygenase-2 (COX-2) to
be highly upregulated following infection of rat embryonic
fibroblasts by PRV (334). Cyclooxygenases 1 and 2 function in
the synthesis of prostaglandin, lipid-derived signaling mole-
cules with multiple roles in inflammation and immune modu-

MICROBIOL. MOL. BIiOL. REV.

lation (reviewed in reference 172). Further studies confirmed
that the COX-2 protein levels were increased upon infection
and that either the COX-1 or COX-2 isozyme was required for
viral replication and morphogenesis (333). Studies with specific
inhibitors of COX-1 or COX-2 show their function in viral
replication to be partially redundant. Simultaneous inhibition
of both isozymes resulted in a dramatic decrease of viral titers,
accompanied by nuclear accumulation of a novel form of de-
fective capsids. Like procapsids, the defective capsid integrity
is cold sensitive, though they are distinctly polyhedral and
resembled neither filled nor empty capsids.

DNA Encapsidation

PRV DNA encapsidation requires two linked events: cleav-
age of the replicated concatemeric DNA into monomeric units
and packaging of the linear monomeric genomes into capsids
(235,236). DNA cleavage is dependent on capsid assembly and
genetic analysis suggests the involvement of at least six PRV
genes in DNA encapsidation (29). Herpesvirus genomes con-
tain a highly conserved domain (pac! and pac2) at each end of
their linear genomes to direct the site-specific DNA cleavage
and packaging (347). In PRV, the pac2 domain resides at the
end of the UL region, while the pac! domain is found both in
the UL-proximal portion of the IRS and near the linear end of
the TRS (169). The pac! domain within the IRS does not
function for concatemer cleavage and encapsidation (332).

Studies on the mechanism of DNA packaging in bacterio-
phages have provided considerable insight into the equivalent
processes of the herpesviruses. It is likely that the basic mech-
anisms are conserved. For example, in most DNA viruses the
two terminase subunits associate with the portal to form a
powerful molecular motor to package DNA (70, 140). Herpes-
viruses encode a putative two-subunit terminase made up of
ULI1S5 and UL28 (3, 15, 16, 177), which can bind to the portal
protein UL6 (432). In PRV, UL28 (ICP18.5) is required for
DNA cleavage and encapsidation (282). In the absence of
other viral proteins, PRV UL28 is distributed in the cytoplasm
instead its normal nuclear location. Coexpression of HSV-1
ULI15 and PRV UL28 is sufficient to target UL28 to the nu-
cleus (229).

Other HSV-1 proteins involved in DNA cleavage and pack-
aging include UL17, UL25, UL32, UL33, and the portal pro-
tein UL6 (347). PRV UL25 is found to be capsid-associated
but has not yet been the subject of any mutagenesis study
(200). The functions of the PRV genes UL6, UL32, and UL33
remain yet to be ascertained (229). Like HSV-1, PRV ULI17
encodes an essential gene required for DNA cleavage and
encapsidation (216, 357). PRV ULL17 is a virion component
and ultrastructural studies of infected cells strongly suggest
that PRV UL17 is a located within the nucleocapsid, possibly
associated with the viral DNA (216).

Egress

PRV nucleocapsids cross the nuclear envelope and partici-
pate in two separate envelopment events before infectious
particles are released from a cell (reviewed in references 121,
275, and 276). The nuclear envelope consists of four major
components: an inner nuclear membrane lined by a meshwork



VoL. 69, 2005

of intermediate filaments comprising the nuclear lamina, an
outer nuclear membrane, and the two leaflets of the envelope
are traversed by multiple nuclear pore complexes. Three pro-
teins (US3, UL31, and UL34) allow the nucleocapsid to escape
the egress barrier presented by the nuclear envelope. Once in
the cytoplasm, direct binding of tegument proteins to the nu-
cleocapsid, transport of the capsid to the site of secondary
envelopment, and addition of more tegument and membrane
proteins require the coordinated functions of multiple viral
proteins.

Nuclear egress and primary envelopment. The first step in
egress is engagement of nucleocapsids with the inner nuclear
membrane (Fig. 3). Primary envelopment occurs by budding of
nucleocapsids through the inner nuclear membrane into the
perinuclear space. This capsid with an envelope derived from
the inner nuclear membrane is called the primary enveloped
virion and the gene products of PRV UL31 and PRV UL34
contribute to its formation (138, 217). The UL34 protein is a
type II, C-terminal anchored membrane protein, while the
UL31 protein is a nuclear phosphoprotein. UL34 and UL31
colocalize in the nuclear envelope of infected cells and interact
in a yeast two-hybrid assay (138). Nascent primary enveloped
virions exit from the perinuclear space by fusion of the primary
envelope with the outer nuclear membrane resulting in deen-
velopment of the particles. Deenvelopment of the nascent
virion results in entry of “naked” capsid structures into the
cytoplasm, and requires the US3 protein kinase (215, 421).

(i) US3 promotes nuclear egress. PRV US3 is a serine/
threonine protein kinase (328) found conserved in all alpha-
herpesviruses. The kinase substrate specificity is similar to
HSV-1 US3, with the optimal consensus sequence defined as
RRRX(S/T)Z, where X is any amino acid and Z is not an
acidic amino acid (240). So far, only the ribosomal protein S6
has been identified as a substrate in vitro (202).

In the absence of US3, a striking accumulation of primary
enveloped virions can be observed by electron microscopy
within invaginated portions of the inner nuclear membrane of
the nuclear envelope (421). These structures extend into the
perinuclear space. The US3 protein likely plays a role in fusion
of the primary envelope of nascent virions with the outer
nuclear membrane of the nuclear envelope, thus enabling de-
envelopment of primary virions and release of “naked” virions
into the cytoplasmic compartment. However, US3 is dispens-
able for viral replication in cultured epithelial cells and the
absence of US3 only mildly reduces the titer of extracellular
particles (215). Thus, deenvelopment can still occur in the
absence of US3, albeit less efficiently. It is currently unknown
whether the impairment in deenvelopment observed in the
absence of US3 protein reflects an important structural role for
this protein in primary enveloped virions or whether it is due to
effects of its kinase function.

The US3 kinase influences the nuclear membrane associa-
tion of a UL34, a primary virion component critical for nuclear
egress (215, 217). UL34 can still localize to inner and outer
leaflets of the nuclear membrane in absence of US3 protein,
but does so less efficiently. Metabolic labeling experiments
found no difference in UL34 phosphorylation in the absence of
US3, indicating that the viral kinase UL13 or a cellular kinase
phosphorylates UL34 (215). US3 was also found to induce
actin stress fiber disassembly in swine epithelial cells, a step
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that could be important viral egress (414). The use of kinase-
inactive US3 mutants will answer whether these functions re-
quire a catalytically active US3 kinase.

Detection of striking perinuclear accumulation of nascent
virions in the absence US3 was recapitulated and further char-
acterized in ultrastructural studies (155). In PRV US3-null
mutant-infected rabbit kidney cells analyzed by immunoelec-
tron microscopy, PRV US3 protein was detectable in both
primary and mature virions. This correlates with previous find-
ings on PRV US3 distribution (215, 250). The absence of US3
protein does not affect virion incorporation of several tegu-
ment proteins (UL11, UL37, UL46, UL47, ULA4S, and UL49)
and envelope glycoproteins (gB, gC, gD, gE, gl, gH, gK, or gM)
(155), suggesting that PRV US3 protein is either retained
during nuclear egress, or reacquired very early during tegu-
mentation in the cytoplasm. Two recent studies have produced
conflicting data regarding the presence of US3 in purified
virions of the attenuated strain PRV-Bartha (155, 250).

Tegumentation and secondary envelopment. The next pro-
cess during viral morphogenesis is the addition of tegument
and secondary envelopment of viral particles in organelles of
the secretory pathway (Fig. 3). While these two processes are
closely linked, recent studies indicate that the addition of teg-
ument proteins to the capsid occurs to some extent in an
organized and stepwise fashion. The outer layer of the herpes-
virus tegument is analogous to the matrix of some RNA vi-
ruses. Like matrix proteins, some of the outer tegument layer
proteins interact with the inner side of the envelope and also
with the inner tegument proteins attached to the capsid, join-
ing these substructures together for the second, and final, en-
velopment process. The protein-protein interactions within the
tegument and between tegument and envelope are likely to
drive the secondary envelopment process and may be regu-
lated by phosphorylation (290). Secondary envelopment is
most commonly believed to occur in a compartment derived
from the trans-Golgi network.

Tegument addition to cytoplasmic capsids is thought to be
initiated by the direct interaction of the major capsid protein
VP5 (UL19) and the UL36 tegument protein, which in turn
can interact with another tegument protein, UL37 (136, 213,
452). This model is consistent with the observation that the
inner tegument layer exhibits icosahedral symmetry (452).

Secondary envelopment of herpesviruses occurs on the cy-
toplasmic face of a specialized compartment within the in-
fected cell derived from the frans-Golgi network (168). The
interaction between tegument proteins and envelope could
occur either via an interaction with the cytoplasmic domain of
envelope proteins (135), or via direct membrane attachment
following fatty acid modification of a tegument protein (252,
307). Interactions between the tegument and envelope pro-
teins are likely to drive the secondary envelopment of herpes-
viruses: PRV VP22 interacts directly with the cytoplasmic do-
mains of gM and gE (135). In HSV-1, VP16 interacts with gH
(158), VP22 interacts with gD (84), and the UL13 protein
kinase interacts with gE (302). However, there is undoubtedly
much redundancy in the interactions between viral proteins
required for secondary envelopment. Two of the most abun-
dant tegument components are not absolutely required for
secondary envelopment, UL46 (VP11/12) and UL49 (VP22)
have each been deleted from the virus with only minor conse-
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quences to viral replication (109, 227). On the other hand,
individual deletions of tegument proteins UL11, UL37, UL47,
ULA48, and ULS51 have all resulted in accumulation of unen-
veloped cytoplasmic capsids, a finding that suggests a defect in
secondary envelopment (133, 214, 218, 226, 227).

The UL20 membrane protein is a component of virions and
plays a role in sorting mature enveloped virions from the site of
secondary envelopment to be released from the cell (137).
Another PRV protein implicated in the final envelopment of
capsids is the product of UL3.5 (139).

L-particles. Light or L-particles (so called because they are
lighter than virions in Ficoll gradients) (387) are noninfectious
structures produced during herpesvirus infection (reviewed in
reference 384). L-particles contain tegument and envelope
proteins but no capsid or genomic DNA. Most alphaherpesvi-
ruses, including HSV-1, EHV-1, PRV, and ILTV, produce
L-particles during infection of cultured cells (153, 270, 387).
L-particle production probably shares common assembly steps
with normal tegument assembly and secondary envelope ac-
quisition, and can still occur under conditions where capsids
fail to leave the nucleus (341). L-particles fuse with cells, and
may assist in the initiation of the infection cycle by delivering
tegument and envelope proteins in addition to those brought
by the infectious virus (95, 269). Support for their biological
significance role comes from the finding that structures resem-
bling L-particles are observed in epithelial cells and fibroblasts
in the nasal mucosa of pigs after intranasal inoculation with
PRV (4).

Functional redundancy and egress. Many PRV genes can be
deleted with little or no phenotype in cultured cells or in
animal models of infection. PRV offers the possibility of testing
mutants in the natural host. Despite the complications of work-
ing with infected animals, many studies confirm the pheno-
types found in cultured cells or model animal infections. It is
likely that some genes considered to be nonessential perform
redundant functions. Recent studies using multiple deletions
to probe for functional redundancy have found new or severe
phenotypes not seen by the individual mutants (often called
synthetic lethality).

The UL46, UL47, UL48, and UL49 gene cluster encodes
outer layer tegument proteins dispensable for viral growth in
tissue culture cells. Triple and quadruple deletion mutant were
produced and compared to search for phenotypes hidden by
functional redundancy (134). The quadruple deletion could
still replicate in tissue culture cells, but formed very small
plaques, replicated with delayed kinetics, and produced 100-
fold fewer viruses. In this case, functional redundancy was
difficult to define in cultured cells: UL47 and ULA48 function
independently during cell-cell spread and virus egress, while
the simultaneous loss of UL46 and UL49 does not alter the
replication of UL48-negative or UL47-negative PRV mutants.

The functional redundancy of structural components in
virion maturation is exemplified by the finding that while gM or
gE is dispensable for viral growth in cultured cells, a simulta-
neous deletion of gM and gE cytoplasmic domain produces a
synthetic lethal defect in secondary envelopment (44, 45). Both
proteins likely play a role in organizing structural virion com-
ponents and recruiting them to sites of secondary envelop-
ment. The cytoplasmic tails of both gE and gM interact with
VP22 (135). In addition, PRV gM directs viral envelope pro-
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teins to the trans-Golgi apparatus in transfected cells (94).
Thus, the synthetic lethality of the gM/gE double mutants may
be attributed to a combined defect in tegument assembly and
glycoprotein sequestration. Similar synthetic lethality results
when PRV gM and UL11 or HSV-1 gE and gD are deleted
simultaneously (123, 225).

Viral Antiapoptosis Genes

Viral infection of animal cells tends to generate proapo-
ptotic signals that induce cell death and phagocytosis to limit
virus replication and spread. Herpesviruses, like most large
DNA viruses, encode proteins that interfere with this apoptotic
response (reviewed in references 9 and 230). PRV, like HSV-1,
is a cytocidal virus that induces rapid and extensive changes in
cultured host cells. The cytopathic effects elicited by PRV
infection are strain- and cell type-dependent and include inhi-
bition of mitosis, formation of intranuclear inclusions, round-
ing up of cells, and, occasionally, formation of syncytia (re-
viewed in reference 29). In most cultured cells, the typical
apoptotic effects, such as genomic DNA fragmentation or ap-
optotic-condensed nuclei, are not observed following infection.
Neurons isolated from porcine trigeminal ganglia are more
resistant to PRV-induced cell death than neurons isolated
from the superior cervical ganglia and other porcine cell types.
Trigeminal ganglia neurons survive productive PRV infection
longer than other cell types, and this may extend the duration
of infectious virus transmission during reactivation from la-
tency (142). Several antiapoptosis genes have been implicated
as modulators of apoptosis in HSV-1: UL54 (ICP27), US!
(ICP22), US3 (US3 PK), US5 (gJ), US6 (gD), RL2 (ICP34.5),
and RL3 (LAT) (230). US3 is one of the most potent and best
characterized antiapoptosis genes in the list.

US3 antiapoptosis activity. The US3 gene encodes a serine/
threonine kinase that is conserved in Alphaherpesvirinae (265),
and the US3 proteins from HSV-1, HSV-2, and PRV have all
been shown to protect cells from apoptosis (143, 173, 190, 242,
308). HSV-1 US3 can counteract apoptosis triggered by either
overexpression of pro-apoptotic genes of the Bcl-2 family
(BAD, Bax, and Bid), or exogeneous inducers (osmotic shock
and UV irradiation) (69, 190, 296, 303, 308). The antiapoptosis
function of HSV-1 US3 is proposed to participate in viral
immune evasion. US3 blocks the lysis of infected fibroblasts by
cytotoxic T cells (68), a block attributed to the US3-dependent
inhibition of caspase activation in the target cell. It is generally
accepted that the US3 protein kinase prevents apoptosis by
direct phosphorylation of target proteins, but the exact details
remain unsolved. A recent study highlights the overlap be-
tween the substrates of protein kinase A, a cyclic AMP-depen-
dent cellular kinase that can both inhibit and promote apopto-
sis, and HSV-1 US3, and found US3 expression to result in
protein kinase A phosphorylation (33). Whether this signifies
an activation of protein kinase A by US3, US3 mimicking
protein kinase A antiapoptosis function, or something else is
unknown.

PRV infection renders swine testicle cells resistant to apo-
ptosis induced by staurosporine or sorbitol (143). However,
cells infected with US3-negative PRV underwent apoptosis as
measured by caspase-3 activation and terminal deoxynucleoti-
dyltransferase-mediated dUTP-biotin nick end labeling
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(TUNEL) assay for DNA fragmentation (143). US3-negative
PRYV also failed to prevent apoptosis in swine trigeminal gan-
glia neurons (142). Apoptosis was observed late in US3-null
infected swine testicle cells (18-24 hours postinfection), sug-
gesting that additional viral proteins may serve to inhibit apo-
ptosis early in infection (143). So far, US3 is the only PRV gene
found to have antiapoptosis activity (143). US3-negative PRV
fails to suppress apoptotic, while US3 transfection experiments
in the presence or absence of viral infection show US3 to be
responsible for the antiapoptosis activity.

Two isoforms of US3 are detected during PRV infection
(Table 1). The short isoform, a protein of 41 kDa, is more
abundant (>95% of the US3 mRNA in infected cells) than the
long isoform of 53 kDa (<5% of US3 mRNA) (418). The
longer isoform possesses a functional mitochondrial localiza-
tion sequence within the additional N-terminal 51 amino acids
(55, 414). The localization of US3 seems to be dependent on
the isoform examined, the cell type used, and whether US3 is
expressed during viral infection or from a transfected plasmid
(56, 414). The long isoform is able to restore antiapoptotic
activity to the US3 deletion virus while the short isoform only
partially compensates for the deletion of US3 (143). The short
isoform of PRV US3 was also found to be as efficient as HSV-1
US3 at rescuing cells from Bax-induced apoptosis (308). Since
the HSV-1 US3 kinase activity is required for its antiapoptotic
activity (308), it is assumed that the same holds true for PRV,
though this has yet to be formally tested. Finally, it is worth
noting that US3 from the closely related BHV-1 does not seem
to possess any antiapoptotic properties (393).

TAP Inhibition by UL49.5 (gN)

Herpesviruses cause lifelong infection of their hosts, and
their persistence and repeated reactivation are facilitated by
different immune evasion strategies, including inhibition of
complement and antibody function, disruption of immune rec-
ognition of infected cells, and viral expression of cytokine-like
and chemokine receptor-like molecules (reviewed in reference
97). In veterinary varicelloviruses (PRV, EHV-1, and BHV-1),
the UL49.5 gene product is an inhibitor of TAP, the trans-
porter associated with processing antigens into peptides for
presentation by major histocompatibility complex (MHC) class
I molecules at the cell surface (228). Inhibiting the presenta-
tion of virus-derived peptides by MHC class I molecules pre-
vents the recognition and elimination of virus-infected cells by
cytotoxic T lymphocytes. PRV UL49.5 encodes the virion en-
velope glycoprotein gN, a small O-glycosylated protein that
forms a disulfide linked complex with gM (discussed above)
and functions in viral immune evasion (197, 228). However,
neither gM, nor any other viral proteins, was required for the
gN-dependent TAP inhibition (228). A disruptive insertion in
ULA49.5 delayed virus entry and was unable to inhibit TAP (195,
228). A similar disruptive insertion in UL49.5 did not significantly
alter the neurovirulence and neuroinvasiveness of the virus in
mice after intranasal inoculation (260). UL49.5 is conserved
within the Herpesviridae but is not glycosylated in all herpesvi-
ruses. In HSV-1, the TAP inhibition function is performed by
ICP47 (ULAL) (175, 448).
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PRV AS A MODEL ORGANISM

PRV has proven to be a facile model system to investigate
the many aspects of alphaherpesvirus biology, providing in-
sights both into the basics of the viral life cycle and the more
complex interactions with the host (reviewed in reference 118).
Areas that benefited particularly from PRV research include
the molecular mechanisms of virus attachment, entry, replica-
tion, assembly, intracellular trafficking and egress (reviewed in
references 118 and 274). In addition, various facets of viral
pathogenesis are under study, including the mechanisms of
neuroinvasion, transneuronal spread, and host immune re-
sponses. The results from these studies have furthered our
understanding of these complex phenomena and are bound to
yield fascinating new insights.

For a number of reasons, PRV is an excellent choice for the
study of alphaherpesvirus biology (reviewed in reference 118).
PRV has a remarkably broad host range, causing a lethal
infection in diverse animals, yet poses little to no danger to lab
workers. PRV grows well and is easy to manipulate in the
laboratory. Purified DNA is infectious and the techniques to
replace and manipulate its genes are well established. Bacterial
artificial chromosomes carrying the entire PRV genome have
been constructed (226, 372). Indeed, some of the basic re-
search on herpesvirus BAC technology was done using PRV
(373). Animal experiments can be performed in the natural
host, the pig, or in other favored model organisms such as rats,
mice, and rabbits.

PRYV Pathogenesis in Animal Models

The laboratory animal models of PRV pathogenesis have
provided considerable insight into fundamental problems of
herpes biology. These include the chicken embryo eye model
(18), the rat eye model of infection (45, 222), the mouse skin
flank model (51), and the mouse nasopharyngeal infection
model (14).

Rat Eye Model: Genes Required for Neuroinvasion
and Neurovirulence

In the rat eye model, virions are injected into the vitreous
humor of the eye where retinal ganglion cells are the first to
replicate the virus (64, 66). The infection spreads to retinore-
cipient structures of the brain primarily via the optic nerve and
the third cranial nerve. This model has been applied success-
fully to delineate neural circuitry and to define the PRV gene
products required for directional transport. The rat eye model
led to the identification of three PRV genes required for an-
terograde spread of virus: US7 (gl), USS (gE), and US9 (US9).
Deletion of any of these genes abolished the anterograde, but
not the retrograde, spread of PRV in synaptically connected
neurons (47, 66, 184, 429, ). Moreover, additional studies dem-
onstrated that gE and gl contribute to virulence, and that their
function in virulence was distinct from their function in direc-
tional spread (402, 403, 447). PRV spread in this model is
reviewed further in “Analyzing the Spread of PRV-Bartha in
the Rat Eye Model” below and in reference 21.
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Chicken Embryo Eye Model

An alternative model for the study of PRV neurovirulence
and neuroinvasion uses chicken embryos (18). A viral inocu-
lum is introduced through a window in the eggshell into the
vitreous chamber of the eye at a developmental stage where
retinal cells have developed synaptic connections with the optic
tectum in the brain. At this stage of development, the eye is
among the largest and most easily accessible tissues. The rel-
atively large yet well-circumscribed target area of the vitreous
eye chamber allows consistent, precise primary infections with
little to no risk of nonspecific infection of other chick tissues.
The innervation of the eye and eye structures are well known,
facilitating analysis of spread.

Mouse Skin Flank Model: New Facets of PRV Pathogenesis

To study a primary PRV infection of an epithelial surface,
Brittle et al. adapted a skin infection model well known in the
HSV pathogenesis literature (51, 368, 426). In this model,
shaved mouse skin flank is scarified and infected with a drop of
viral inoculum, such that viral adsorption occurs on the under-
lying live epithelial tissue. A primary infection in epithelial
tissue precedes virus entry into nerve endings of the peripheral
nervous system, similar to the course of a natural herpesvirus
infection. In permissive nonnatural hosts, such as the mouse,
alphaherpesviruses can spread to the central nervous system.
Thus, infection of epithelial tissue, virulence, and neuroinva-
sion of the peripheral and central nervous systems can all be
examined in one animal.

Brittle et al. reported that virulent and attenuated virus
strains exhibit distinct modes of neuroinvasion and lethality
after inoculation (51). Mice infected with virulent PRV strains
self-mutilated their flank regions in response to a virally in-
duced, pruritic stimulus. In addition, these animals died rapidly
with virtually no viral particles detectable in the brain by titer-
ing assays and immunohistochemical analyses. There were also
no symptoms of central nervous system infection such as be-
havioral abnormalities. Mice infected with virulent PRV strain
Becker, Kaplan, or NIA-3 died at approximately 77 h com-
pared to attenuated vaccine strain Bartha-infected mice, which
died at approximately 220 h. Mice infected with viruses lacking
US9, gl, or gE died at roughly 101 h, 104 h, and 115 h, respec-
tively. Interestingly, the longer-lived animals infected with the
attenuated strains did not become pruritic or develop skin
lesions on the infected flank region, yet developed profound
ataxia and tremors associated with hindbrain lesions. In addi-
tion, immunohistochemical and titer analyses of specific brain
regions found a preponderance of viral particles and infection
in the hindbrain region at the later stages of infection (>96 h).
An additional study with a UL54-null virus found a delay in
symptom onset and a lengthened survival time following symp-
tom appearance (364). Prior to death, the severity of pruritus
and skin lesions of UL54-null and wild-type infected mice was
indistinguishable.

Two Modes of PRV Lethality

It has long been assumed that nonnatural hosts of PRV died
of classical herpesvirus encephalitis, defined by a massive ne-
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crotizing lesion of an expansive region of the brains. After all,
PRV is highly neurotropic and the infected hosts suffered from
neurological abnormalities. However, the severe pruritus and
relatively shorter time to death by infection with wild-type
strains of PRV, coupled with the barely detectable infection of
the central nervous system, suggests that the fatal outcome of
virulent infection is more a result of the host immune system
response, or peripheral nervous system injury, rather than the
result of fatal viral encephalitis. In comparison, the neurolog-
ical symptoms, central nervous system viremia and long time to
death seen after infection with attenuated strains, suggest that
the cause of death may be quite different from the virulent
strains, possibly a direct result of encephalitis, though no ne-
crotizing brain tissue is observed (51).

Mouse Intranasal Infection Model

Over 60 years ago, Sabin used a murine model to study PRV
neuroinvasion, and chose an intranasal route of infection to
emulate the natural oronasal transmission of PRV in swine
(355). Inoculation of the nasal cavity resulted in virally induced
neuropathological lesions. The kinetics and locations of lesion
appearance were consistent with a transneuronal spread of
PRV from nasal epithelium to synaptically connected higher-
order structures in the nervous system. Lesions were found in
neurons of the olfactory system, parasympathetic system, sym-
pathetic nervous system, and primary sensory neurons of the
fifth cranial nerve.

The route of pseudorabies virus propagation in the mouse
nervous system follows intranasal inoculation as described
(14). The infection spreads through three neuronal pathways
innervating the nasal cavity: (i) via anterograde spread in the
trigeminal circuit, from trigeminal ganglia to spinal trigeminal
nucleus, (ii) via retrograde spread in the sympathetic circuit,
from superior cervical ganglion to sympathetic preganglionic
neurons in the spinal cord’s intermediolateral nucleus, and (iii)
via retrograde spread in the parasympathetic circuit, from
pterygopalatine ganglion to the superior salivatory nucleus.
Infected mice exhibit distress symptoms (e.g., hyperactivity,
facial pruritus, also known as “itch syndrome,” and hunched
posture) prior to succumbing to infection within 3 days (14).
Infected neurons could be identified by immunofluorescence
with antibodies against viral antigens as well as by the activity
of the lacZ reporter gene driven by the endogenous US4 (gG)
promoter. The study further demonstrates that the relative
neurovirulence and neuroinvasiveness of the wild-type strain
and the US4-null lacZ reporter strain are similar (14).

As with the other animal models, a PRV USS8 (gE)-null
strain is severely attenuated in the mouse intranasal model,
exhibiting reduced virulence and neuroinvasion (12). The in-
fected mice survived longer and only the hunched posture
syndrome was apparent. Infection of first-order neurons inner-
vating the nasal mucosa still occurred in the absence of gE, but
retrograde spread within the sympathetic circuit was reduced,
while anterograde spread within the trigeminal circuit was
completely abolished. Retrograde spread to second-order neu-
rons in the parasympathetic circuit was not observed for US§
(gE)-null PRV; however, infection of the first-order neurons of
this pathway could not be ascertained. The intranasal model
has been used to systematically examine a collection of various
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gene deletions within PRV (12-14, 129, 210, 214, 260, 361;
reviewed in reference 279).

Axonal Targeting, Transport, and Assembly of PRV in
Cultured Neurons

Alphaherpesviruses maintain their presence in the host pop-
ulation by infecting and establishing a latent infection in the
host peripheral nervous system. The cycle of infection, latency,
and reactivation is critical to viral survival. The broad range of
species permissive for PRV neuronal infection in vivo and ex
vivo has made PRV invaluable for studying the molecular
details of neuronal infection.

The study of PRV neuronal infection has enhanced our
understanding of virus assembly and long distance transport in
axons. The process of viral entry into neurons is thought to be
similar to that found for most cultured cells (121). First, the
viral envelope fuses with the cell membrane which, in the
natural host setting, would be the axon terminal at the periph-
ery of the peripheral nervous system. Next, the capsids (along
with the inner tegument proteins) are transported retrogradely
along the relatively great distance of the axon to the nucleus in
the neuron cell soma. Live imaging studies of fluorescent cap-
sids in neurons isolated from embryonic chick dorsal root gan-
glia have shown that the retrograde transport of capsids in
axons is quite fast (1.17 = 0.03 wm/second) (374). Similar live
imaging studies have shown that the capsid remains associated
with only a subset of tegument proteins, UL36 and UL37, but
not VP13/14 (UL47), VP16 (ULA48), or VP22 (ULA49), during
axonal transport in entry (249). The capsid transport in axons
undoubtedly requires an association with molecular motors,
most likely from the dynein family, since capsid movement by
diffusion alone would be predicted to take years to reach the
neuron soma (reviewed in reference 375).

Reactivation from latency involves triggering transcription,
assembling mature virus, and transmitting infection from the
cell body anterogradely through the axon back to epithelial
cells at the periphery. Since capsids travel towards the nucleus
after entry and towards the axon terminal during egress, a
mechanism must exist to regulate the direction of capsid trans-
port during infection. The direction of transport is presumably
determined by the motor complex associated with the capsid:
dynein would transport the capsid retrogradely, while kinesins
would facilitate anterograde transport. Smith et al. have shown
newly synthesized egressing green fluorescent protein (GFP)-
labeled capsids pass monomeric red fluorescence protein-la-
beled capsids traveling in the opposite direction in the same
axon (374). Thus, the modulation of transport direction, and
hence motor association, occurs at the level of the individual
capsid, rather than by global regulation of axonal motor trans-
port.

Studies of HSV-1 point to a model in which egressing cap-
sids are transported in axons separately from the viral envelope
components rather than fully assembled virions (317, 285). In
this model, assembly of mature particles occurs at a distal point
along the axon, possibly at the axon terminal (reviewed in
reference 406). Additional support for this model comes from
studies of PRV infection of cultured rat motor neurons iden-
tifying viral proteins crucial to the anterograde transport of
viral components. The envelope glycoprotein gE is required
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for efficient entry of glycoproteins, capsids and some tegument
proteins into axons during viral egress (71). Meanwhile, the
US9 envelope protein is required for sorting viral glycopro-
teins, but not capsids or tegument proteins into axons during
viral egress (404). Thus, PRV capsids can be transported in
axons independently of glycoproteins. However, entry of cap-
sids into the axon is not sufficient to transmit infection to cells
at the distal end of the axon.

To better study the neuron-to-cell spread of PRV, Ch’ng and
Enquist recently developed a compartmented neuronal culture
system wherein cell bodies and axon endings are separated by
a physical barrier traversed only by the axons themselves (72).
Additionally, the compartment containing the axonal endings
is seeded with transformed epithelial cells to allow viral repli-
cation. In this model, the directional spread of PRV can be
assessed by infecting the cells in one compartment and mea-
suring the spread of virus through axons to cells in another
compartment. In this system, gE, gI, and US9 were all required
for transneuronal spread from the neuronal cell body compart-
ment to the epithelial cells in the axon-end compartment. Elec-
tron microscopic analyses of PRV-infected neurons identified
capsids that are transported within vesicles during anterograde
axonal transport rather than directly associated with microtu-
bules as in entry (72, 107). Since capsids can be transported
independently of glycoproteins, the surrounding vesicle prob-
ably does not constitute the viral envelope. The origins and
constituents of this transport vesicle remain unknown.

Models for Reactivation from Latency

Like other herpesviruses, in vitro reactivation of PRV can be
induced in explants of trigeminal ganglia or tonsils, or in vivo
in pigs or mice (52, 311, 396, 416). Reactivation of latent
pseudorabies in pigs is induced by treatment with dexametha-
sone (reviewed in reference 52) or acetylcholine (395), drugs
which influence the host immune and nervous systems, respec-
tively. Reactivation from latency has also been studied using a
mouse model. Because mice are normally unable to survive an
acute infection of PRV, establishing a latent infection requires
the passive transfer of high-titer neutralizing antibodies prior
to viral inoculation (311). Subsequent stimuli can induce reac-
tivation and virus production in trigeminal ganglia explants
(311) or nasal cavity of live mice (396). Reactivation was ob-
served in response to mild stress (restraint, cold and transpor-
tation), as well as acetylcholine and dexamethasone treatment
(311, 394, 396, 397).

PRV AS A TRANSSYNAPTIC TRACER

While many viruses can infect the cells of the nervous sys-
tem, only a handful have the unique ability to spread between
synaptically connected chains of neurons: vesicular stomatitis
virus (248), rabies virus (reviewed in reference 205), mouse
hepatitis virus (21), betanodavirus (186), and alphaherpesvi-
ruses (reviewed in reference 121). Such neural spread requires
that the virus must enter the neuron (the first-order neuron)
and replicate. The encapsidated viral genome is then trans-
ported at or near sites of synaptic contact to a second order
neuron where replication takes place again. This property of
self-amplification allows the first order neuron to be as in-
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FIG. 4. Stomach injection model. A. Sagittal view of the rat brain. S1, S2, and S3 refer to the levels of coronal sections depicted in panels B,
C, D, and E. B. Innervation of smooth muscle of the ventral stomach. The area boxed in red is magnified to the right. Motor neurons from the
dorsal motor nucleus of the vagus send projections through the vagus nerve to the ventral wall of the stomach. Sensory innervation of the ventral
stomach through the left nodose ganglion is shown in pink. Neurons in the dorsal motor nucleus of the vagus exhibit anti-PRV immune reactivity
30 h after stomach injection of wild-type PRV-Becker (64, 338). PRV travels retrogradely to second-order neurons in the medial nucleus of the
solitary tract between 50 and 60 h postinjection and to third-order neurons in the area postrema between 60 and 70 h postinjection. Labeling of
neurons within the left nodose ganglia can be observed by 45 and 50 h postinjection. C. No cross talk with tongue or esophageal innervation after
stomach injection. Injection of PRV-Becker into the ventrolateral musculature of the tongue (pathway shown in green) results in a very different
pattern of infection from injection into the stomach (shown in blue) (64). After transport through the hypoglossal nerve, PRV immune reactivity
can be seen in the hypoglossal nucleus (XII) 30 h postinjection. By about 52 h postinjection, PRV infection can be observed in second-order
neurons in the spinal trigeminal nucleus (pars oralis and pars interpolaris) and the ventrolateral brainstem tegumentum and monoaminergic cell
groups (not shown). Injection into the smooth muscle of the esophagus (shown in orange) produced labeling in the dorsal nucleus ambiguus. By
48 hours postinfection, labeling was detected in small bipolar neurons of the nucleus centralis of the medial NTS. The segregation of labeled
structures following injection of stomach and esophagus is significant because the axons of these efferent circuits travel together in the vagus nerve, yet
PRV infection is absent from the nucleus ambiguous following stomach injection and absent from the dorsal motor nucleus of the vagus following
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D. Leveist Level S2 Level S3 Level S4

. Infected in P1-P3.5, P4-P6.5 and P8-P10.5
I Infected in P4-P6.5 and P8-P10.5
B Infected in P8-P10.5 only

E. Level S1
HSV-H129 HSV-H129
PRY-Bartha intact vagal deafferentation

esophageal injection. D. PRV requires an intact circuit for spread in the nervous system. In addition to surgical severance of the left vagus nerve
which eliminates PRV transport to the left dorsal motor nucleus of the vagus, further proof that PRV neuronal spread requires intact, synaptically
connected neurons is provided by tracing studies that span progressing developmental stages (339). PRV-Bartha immune reactivity in the central
nervous system was examined 2.5 days after injection into the stomachs of newborn rats. Rats injected on postnatal day 1 (P1) exhibited PRV
immune reactivity in the dorsal motor nucleus of the vagus, medial nucleus of the solitary tract, area postrema, and paraventricular nucleus of the
hypothalamus by 2.5 days postinjection. No animals in the P1 group exhibited anti-PRV labeling in the central nucleus of the amygdala, lateral
hypothalamic area, bed nucleus of the stria terminalis, insular cortex, or medial prefrontal cortex with the exception of one rat with six labeled
neurons in the central nucleus of the amygdala. Rats injected at later developmental stages exhibit progressively more viral penetrance into the
central nervous system; 2.5 days postinjection, P4 rats exhibit labeling of all structures observed in the P1 group plus extensive labeling in the central
nucleus of the amygdala, lateral hypothalamic area, and bed nucleus of the stria terminalis. Only rats injected on P8 exhibit infection of neurons
in the insular cortex and medial prefrontal cortex. E. Comparison of anterograde- and retrograde-defective alphaherpesviruses. In adult rats,
stomach injection of PRV-Bartha results in retrograde-only transport of viral infection (pathway and PRV-immune reactive structures shown in
orange) from the dorsal motor nucleus of the vagus to medial nucleus of the solitary tract to area postrema (340). Anti-PRV immunoreactivity
4 to 5 days postinjection does not change after elimination of anterograde transport by surgically severing the axons of pseudounipolar neurons
projecting from the nodose ganglia (shown in pink; see panel B). HSV-H129 has a retrograde spread defect. HSV-H129 can spread retrogradely
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tensely labeled as the second and third order neurons. Tracing
studies using PRV have been successfully employed in a num-
ber of different animal models: pigs (the natural host) (294),
lambs and sheep (320), dogs (85), cats (101), chicken embryos
(18), ferrets (36), and other rodents such as rats (reviewed in
reference 121), mole rats (297), mice (51), gerbils (203), and
hamsters (323). These three properties of pseudorabies virus—
transsynaptic spread, self-amplification, and a broad host
range—have allowed its use in an extensive number of neuro-
anatomical studies seeking to define the architecture of mul-
tisynaptic pathways (reviewed in reference 121).

Viral Tracers versus Nonviral Tracers

Conventional (nonviral) tracers that are transported in ax-
ons rely on antibody reactivity, radioactivity, enzymatic activity,
or fluorescence to label the neurons taking them up (reviewed
in reference 41). Commonly used conventional tracers include
horseradish peroxidase alone or conjugated to wheat germ
agglutinin, True Blue, Fast Blue, Fluoro-Gold, latex micro-
spheres coated with fluorescing dyes, subunit B of cholera
toxin (discussed below), the nontoxic fragment (C) of tetanus
toxin, and dextran amines. While these tracers can travel
within an axon to label distant cell bodies or dendrites, their
use in multisynaptic neuronal circuit is limited by most tracers’
inability to cross through the synapses from one neuron to the
next. Some plant lectin-derived tracers, such as wheat germ
agglutinin-horseradish peroxidase, can cross synapses (12, 170,
352), while others, such as Phaseolus vulgaris leucoagglutinin,
cannot. Since propagation inevitably dilutes tracer concentra-
tions and signal intensity, nonamplifiable tracers have limited
utility in tracing higher order multisynaptic circuits.

In comparison, viral tracers are self-amplifying and do not
decrease in signal intensity, whether assessed by the presence
of viral antigens or marker genes. Finally, viral infections can
proceed over several synapses to infect multiple segments of a
neuronal circuit. PRV can replicate in all central nervous sys-
tem neurons studied in permissive animals. As explained be-
low, the multisynaptic tracing ability of PRV is heavily influ-
enced by the architecture of the circuitry and the survival time
of the infected host.

Transsynaptic Spread of PRV in the Nervous System

Electron microscopic analyses and tracing studies strongly
support the view that PRV spreads in the nervous system
primarily by direct cell-cell contact, rather than diffusion of
virions through the extracellular space or spread via nonneu-
ronal cells. Analysis of infected nervous tissue by electron
microscopy reveals viral capsids and structural proteins local-
ized at the synapses of infected nervous tissue (63, 67). How-
ever, the strongest evidence that PRV spreads through defined
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circuitry comes from carefully designed studies of virus trans-
port within the nervous system. Much of this work has been
done using the circuitry connecting the ventral musculature of
the stomach to the brainstem and higher order structures of
the central nervous system (Fig. 4). Three main points are as
follows.

Circuit tracing by PRV faithfully reproduces tracing de-
duced by well-characterized, nonviral tracers. After injection
into the ventral stomach musculature, transport of the wild-
type strain PRV-Becker to structures in the dorsal motor com-
plex of the brainstem (Fig. 4B) was compared with transport of
the beta subunit of cholera toxin, a compound used for both
retrograde and anterograde tracing studies (7, 130). Here, the
direction of virus spread is described in relation to the direc-
tion of impulse in a circuit, anterograde for spread from pre-
synaptic to postsynaptic neuron, and retrograde for spread
from postsynaptic to presynaptic neuron. Retrograde first-or-
der neuronal transport to the dorsal motor nucleus of the
vagus was seen for both PRV-infected and cholera toxin beta
subunit-injected stomach (64). Cholera toxin beta subunit was
also transported in an anterograde fashion from the stomach
to label sensory afferents in the tractus solarius, something not
seen in PRV-infected animals, presumably because the ani-
mals expired before the viral infection reached these distant
structures.

Infection does not spread intraaxonally to synaptically un-
connected but physically adjacent circuitry. PRV injected into
the tongue traveled through the hypoglossal nerve (XII) and
reached the hypoglossal nucleus (Fig. 4C). No PRV antigens
were ever detected in the adjacent dorsal motor nucleus of the
vagus or nucleus of the solitary tract (NST) complex. Similarly,
while injection of virus in the stomach can label the dorsal
motor nucleus of the vagus and medial NST (mNST), injection
of virus into the esophagus led to a pattern of labeling in the
nearby nucleus ambiguous but not the dorsal motor nucleus of
the vagus or the NST. This is notable because the axons that
innervate the esophagus and ventral stomach travel together in
the vagus nerve, yet virus labeling of neurons stays specific to
the individual circuitries (64).

Spread in the nervous system requires an intact circuit and
synaptic connections. In the stomach infection model, severing
the left vagus nerve eliminated virus transport to the left dorsal
motor nucleus of the vagus, while transport through the right
vagus nerve to the ipsilateral (right) dorsal motor nucleus of
the vagus was unaffected (64).

The most compelling evidence that synaptic connections are
required for PRV spread come from tracing studies to define
the temporal stages of development of forebrain circuitry in
the newborn rat (339). Ventral stomach injection of rats with
PRV on postnatal day 1 (P1), P4, and P8 allowed a comparison
of the circuitry connecting the dorsal motor nucleus of the

in first-order neurons but only anterograde spread is observed in second-order pathways. Although HSV immune reactive structures appear similar
to those infected by PRV after injection into the ventral stomach (HSV-H129, intact compare with PRV-Bartha), vagal deafferentation (illustrated
by a red X on the sensory pathway from the nodose ganglia) eliminates infection of the medial nucleus of the solitary tract and area postrema
(HSV-H129, vagal deafferentation). Abbreviations: AMBd, dorsal nucleus ambiguus; AP, area postrema; BNST, bed nucleus of the stria
terminalis; CeA, central nucleus of the amygdala; DMV, dorsal motor nucleus of the vagus; IC, insular cortex; LHA, lateral hypothalamic area;
mNST, medial nucleus of the solitary tract; mPFC, medial prefrontal cortex; nCen, nucleus centralis of the medial solitary nucleus; NG, nodose
ganglion; PVN, paraventricular nucleus of the hypothalamus. (Figure modified from reference 386 with permission of the publisher.)
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vagus complex to higher ordered structures in the forebrain
(Fig. 4D). While axonal projections from the NST to the me-
dial prefrontal cortex and insular cortex are present early in
development, PRV only spread from the dorsal motor nucleus
of the vagus to these forebrain structures in older rats. The key
assumption is that PRV is not transported to brain structures
prior to the formation of synaptic connections. Although few
studies have addressed the extent to which PRV transport
requires a functional synapse in terms of neurotransmitter
release and electrophysiology, recent reports have identified
changes in PRV tracing after lesion-induced circuit reorgani-
zation (21, 178).

Containment of Neuronal Infection by Cytoarchitecture and
Nonpermissive Cells

PRYV is pantropic, that is, virions infect many different types
of cells including neurons and epithelial cells. Yet, once intro-
duced into a specific neuronal circuit, nonsynaptic spread to
peripheral cells in the nervous system is severely limited. Re-
cent studies have examined how and when nonsynaptic spread
of PRV is limited in the brain, and whether PRV would be
suitable for circuit tracing following intracerebral injection (re-
viewed in reference 8). Particular attention has been paid to
the potential for mislabeling of neuronal circuits after intra-
cranial injection of PRV. Direct PRV injection into brain ven-
tricles, cerebral cavities filled with cerebrospinal fluid, showed
that the neurons and the ependymal cells lining the ventricle
and the caudal raphe could indeed be infected (74). Immuno-
staining for viral antigens shows that PRV can infect astrocytes
and brain macrophages surrounding infected regions of the
central nervous system. Temporally, infection of astrocytes fol-
lows neuronal infection, indicating spread is from neuron to
astrocyte (64). However, since astrocytes are susceptible to
PRV infection, but not permissive for viral replication, they do
not contribute to trans-neuronal spread of the virus (63, 338).
Viral infection does not spread from infected glial cells to
nearby nonneuronal cells (405) or to nearby axons outside the
circuitry being traced (64). Rather, infection of astroglia is
thought to represent an effort of the local intrinsic and innate
immune defense to contain the infection (62, 63, 338). When
injected directly into brain tissue, PRV virions diffuse very
little, producing a focal infection site. PRV could also infect
neurons via fibers of passage, axons that traverse but do not
synapse on cells at the injection site (74, 189). Though the
potential for leakage into the cerebrospinal fluid exists, PRV
performs well as a tracer following intracranial injection (62).
Proper experimental design planning for tracing studies should
minimize nonspecific labeling, while careful examination of
ependymal cells should identify leaks into the cerebrospinal
fluid.

Attenuated Strains Make Good Tracing Viruses

Attenuated virus strains possess mutations that reduce vir-
ulence. One of the best characterized attenuated PRV strains,
PRV-Bartha was isolated after multiple passages of a virulent
field isolate in cultured chicken cells and embryos (23). It was
used as an effective vaccine against PRV in pigs (264). Though
the complete sequence of the PRV-Bartha genome is un-
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known, molecular and genetic analyses have identified three
independent mutations contributing to its reduced virulence:
point mutations within UL21 (220), a signal sequence mutation
in the UL44 (gC) gene (345), and a 3-kb deletion encompass-
ing USS (gE), US9 and a large portion of US7 (gI) and US2
(247, 281, 322). The attenuated mutants such as PRV-Bartha
are favored for tracing studies because they penetrate further
into neuronal circuits due to increased host survival time (re-
viewed in reference 116). In addition to their role in virulence,
the membrane glycoproteins gE and gl and the membrane
protein US9 are all required for efficient anterograde spread in
the nervous system (47, 65, 184, 429).

Once introduced into the nervous system, PRV-Bartha
spreads only in the retrograde direction in a circuit while wild-
type strains, such as PRV-Becker and PRV-Kaplan, will spread
in both the anterograde and retrograde directions (51). This
monodirectional spread of Bartha clearly identifies the direc-
tion of neuronal circuits and often simplifies the analysis. Be-
cause PRV-Bartha can infect peripheral nervous system neu-
rons projecting to central nervous system neurons and invade
specific brain regions by retrograde transport, the strain has
been widely exploited for defining the central nervous system
circuits that modulate the autonomic and somatic peripheral
outflows. A number of studies have used PRV-Bartha for cir-
cuit tracing following intracerebral injection as well (reviewed
in reference 8).

Analyzing the Spread of PRV-Bartha in the Rat Eye Model

The retrograde-restricted spread phenotype of PRV-Bartha
has been effectively characterized in rats and hamsters (66,
323, 369) by studying virus transport into the central nervous
system following intraocular injection of PRV (Fig. 5). In the
rat eye model, the wild-type virus PRV-Becker infects the
projection neurons of the retina, the retinal ganglion cells, and
spreads by anterograde transport in axons through the optic
nerve to infect second order neurons in the suprachiasmatic
nucleus, the dorsal lateral geniculate nucleus, the ventral lat-
eral geniculate nucleus, the intergeniculate leaflet, and supe-
rior colliculus (66, 287, 327). PRV can be detected in second-
order neurons around 50 h postinoculation (64, 323),
consistent with a direct path to these retinorecipient structures.

A more restricted set of structures are infected subsequent
to intraocular PRV-Bartha injection, including the supra-
charismatic nucleus, the intergeniculate leaflet, the olivary pre-
tectal nucleus, and the Edinger-Westphal nucleus, but never
the superior colliculus or dorsal lateral geniculate nucleus.
These results were not interpreted initially as a PRV-Bartha
transport defect, but rather as an inability of PRV-Bartha to
productively infect the subtypes of retinal ganglion cells lead-
ing to the restricted retinorecipient structures (66, 287). Addi-
tional studies suggested instead that PRV-Bartha was incapa-
ble of anterograde spread through chains of connected
neurons (48, 120, 184). The apparent anterograde spread to
the supracharismatic nucleus and intergeniculate leaflet by
PRV-Bartha was actually found to occur by a different and
retrograde route. Analysis of the pattern and temporal se-
quence of central infection of hamsters and rats with enhanced
GFP-expressing derivatives of Bartha found that infection of
the supracharismatic nucleus and intergeniculate leaflet occurs
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FIG. 5. Rat eye infection model: comparison of wild-type (PRV-Becker) and attenuated (PRV-Bartha) neuronal spreads. A. Sagittal view of
the rat brain. E1, E2, E3, and E4 refer to the level of coronal sections depicted in panels B and C. B. Spread of PRV-Becker (shown in red) after
virus injection into the vitreous humor of the rat eye. PRV-Becker spreads from infected retinal ganglion cells (level E1) through the optic nerve
to second-order neurons in the supracharismatic nucleus (level E2), dorsal and ventral aspects of the geniculate nuclei (dorsal aspect of the lateral
geniculate nucleus and ventral aspect of the lateral geniculate nucleus) and intergeniculate nucleus (level E3), and the superior colliculus of the
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via the Edinger-Westphal nucleus by retrograde spread
through the autonomic innervations of the eye (323, 369) (Fig.
5C). The bulk of the studies taken together clearly indicate that
PRV-Bartha is incapable of spreading from presynaptic to
postsynaptic neurons in a circuit.

Virulence and Neural Tracing

Though the exact time to death varies with the animal model
and route of injection used, virulent wild-type strains induce
dramatic symptoms and kill animals much faster than the at-
tenuated strains. For example, PRV-Becker introduced into
mice flank skin is usually fatal within three days (75 h), while
PRV-Bartha causes death after 9 days (220 h) (51). Nearly a
week of additional host survival time allows attenuated strain
PRV-Bartha to infect distal neurons in midbrain and hindbrain
following infection of the skin. A time course analysis of PRV-
Bartha-infected animals shows that the viral infection spreads
through efferent nerves innervating the skin, up the spinal
cord, and into higher regions of the central nervous system
before the animals die (51). A conservative estimate suggests
that PRV-Bartha has spread to at least fourth-order neurons as
early as 6 days after infection of the skin: sensory neuron in
skin — interneuron in spinal cord — raphe magnus nucleus in
brainstem — periaqueductal gray neurons in the midbrain.

In contrast, wild-type strain PRV-Becker follows a similar
route of infection but the animals die before the infection
spreads beyond the brain stem (51). Furthermore, PRV-
Becker infection spreads by retrograde propagation in efferent
nerves projecting to infected mouse flank. Infection with over
a dozen PRYV strains reveals an inverse relationship between a
virulence (measured by time of death and appearance of pru-
ritus) and ability to spread extensively within the nervous the
system (51, 50). This inverse relationship is seen despite bidi-
rectional and rapid spread of virulent strains (51). It is assumed
that if there were a way to prolong the life of infected animals,
wild-type viruses would label the central nervous system more
extensively than attenuated strains. Despite considerable ef-
fort, no such treatments are known.

Recent Advances in Viral Tracing Techniques

The increasing popularity and acceptance of PRV for tran-
sneuronal tracing, has propelled the search for new tracing
viruses and techniques to further enhance this powerful tool.
Three promising advances have been examined in a recent
review (119).

Dual tracing in circuitry analysis. Dual tract tracing exper-
iments have employed PRV-Bartha-derived mutants to deter-
mine whether different targets in the peripheral nervous sys-
tem are under control of a common region of the central
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nervous system. One of the first studies to use this scheme
sought to define the central autonomic neurons coordinating
the cardiac and adrenal response during stress situations, such
as fight-or-flight (189). Two antigenically distinct strains de-
rived from PRV-Bartha were employed: one expressing the
U244 (gC) allele of a virulent PRV strain (PRV-Kaplan), the
other expressing bacterial -galactosidase (product of lacZ).
Injecting one virus into the stellate ganglion (the main sympa-
thetic ganglion innervating the heart) and the other into the
ipsilateral adrenal gland resulted in dual labeled neurons in the
hypothalamus and brainstem. The dual tracing approach has
been used in over a dozen collateralization studies (59, 144,
234, 351, 366; reviewed in references 15 and 119).

The bulk of the recent studies use isogenic strains of PRV-
Bartha that express either the enhanced green fluorescence
protein (EGFP) or B-galactosidase. Recently, Banfield et al.
used two isogenic PRV-Bartha recombinants, expressing either
green (EGFP) or red (monomeric red fluorescence protein)
fluorescence protein (17). It is thought that for optimal dual
labeling of central nervous system neurons, the two viral in-
fections must reach the same neuron within hours of each
other. Analysis of dual viral infection of cultured rat dorsal
root ganglia found the percentage of double-labeled cells de-
creases from 100% to 27% when the second infection is de-
layed by a mere two hours (17). In both HSV-1 and PRYV, this
phenomenon of superinfection inhibition has been attributed,
in part, to gD-mediated interference of viral entry (56, 145,
374). The situation is more complicated in sequential infection
of neuronal circuitry in vivo. As the time of infection and the
spread within two circuits by two different viruses may not be
equivalent, a careful and empirical calibration of the relative
time and dose of infection of the two viruses may be needed
(61, 206). Clearly, the most serious limitation to the dual la-
beling method is the potential for false negatives. Nevertheless,
the dual infection method remains a powerful approach to
define collateralized pathways.

Electrophysiological recording of live neurons infected by a
PRV tracer. Infection with EGFP-expressing PRV-Bartha re-
combinants allows visualization of live infected neurons by
fluorescence without any fixative staining. Recent studies have
gone beyond the mere tracing of neuronal circuits to actually
record the electrophysiological properties of infected neurons
from live brain slices or retinal tissue of infected animals (98,
151, 188, 371, 422). The attenuated phenotype of the PRV
strain used means reduced cytopathic effects and more physi-
ologically intact neurons. Indeed, all five studies compared the
electrophysiological properties of PRV-Bartha infected and
uninfected neurons and found them to be indistinguishable. Of
course, these results apply only to the particular stage of in-
fection analyzed. Nevertheless, the potent combination of

visual cortex (level E4). Only first-order projections are shown. C. Transport of PRV-Bartha (shown in blue) is restricted to retrograde-only
pathways. Although cells of the retinal ganglia (level E1) are infected with PRV-Bartha, this virus is restricted from anterograde spread through
the optic nerve to retinorecipient neurons. Instead, retrograde spread of infection to first-order neurons in the ciliary ganglion leads to transport
through the oculomotor nerve to second-order neurons in the Edinger-Westphal nucleus (level E4). Infection of neurons in the olivary pretectal
nucleus, intergeniculate nucleus (level E3) and supracharismatic nucleus (level E2) is also by retrograde axonal transport of virus as shown (369).
Abbreviations: CG, ciliary ganglion; dLGN, dorsal aspect of the lateral geniculate nucleus; EW, Edinger-Westphal nucleus; IGL, intergeniculate
nucleus; OPN, olivary pretectal nucleus; SC, superior colliculus; SCN, suprachiasmatic nucleus; VLGN, ventral aspect of the lateral geniculate
nucleus. (Figure modified from reference 386 with permission of the publisher.)
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functional anatomy (tracing) and physiology (electrophysiolog-
ical recording) opens the door to a much deeper understanding
of neuronal circuit functions.

Conditional replication of PRV in specific neuronal popu-
lations. A powerful extension of the classical viral tracing
method has been introduced recently, relying on engineered
viruses and hosts to make only a defined subpopulation of cells
or neurons permissive for infection and viral propagation
(106). The technique relies on Cre-LoxP: Cre is a site-specific
recombinase able to recombine specific target DNA se-
quences, loxP, with high fidelity and without the need for co-
factors (reviewed in reference 380). Briefly, transgenic mouse
lines expressing Cre under the control of specific neuronal
promoters are infected with a PRV-Bartha derivative, Ba2001,
which is dependent on Cre-mediated recombination to allow
expression of a reporter gene, GFP, and thymidine kinase.
PRV thymidine kinase is not required for viral growth in mi-
totic cells, such as transformed tissue culture cells, but it is
essential in nondividing cells, such as neurons. Thus, PRV Ba2001
will neither express GFP nor be replication-competent in neurons
until the viral genome is rearranged following infection of a Cre-
expressing neuron. Subsequent to the Cre recombination event,
the altered Ba2001 virus will act like a normal transsynaptic ret-
rograde tracer. De Falco and colleagues used Ba2001 and mice
expressing Cre under the neuropeptide Y or leptin (ObRb) pro-
moter to map the neural inputs to the neuropeptide Y-expressing
cells and leptin-expressing cells that play a role in regulating
feeding behavior (106).

Potential for monodirectional anterograde tracing with
PRV. The monodirectional, retrograde-only spread of PRV-
Bartha in neuronal circuits has served to simplify the design
and analysis of tracing studies. A monodirectional, antero-
grade-only PRV tracer would assuredly be equally useful and
powerful. For example, just as the infection of peripheral or-
gans with a retrograde-only viral tracer identified sympathetic
and parasympathetic motor neuron circuits into the central
nervous system, infection of peripheral organs with an anter-
ograde-only tracer could identify the direct and relayed sen-
sory input circuits into the central nervous system. No PRV
strains with such a phenotype have been described yet. How-
ever, an HSV-1 strain, H129, has been reported to be incapa-
ble of, or severely impaired for, retrograde spread: H129 can
spread in both direction within the axon of first order neurons
(the neuronal cells at the primary site of infection), but trans-
synaptic spread occurs exclusively in an anterogradely manner
to label second and higher order neurons (Fig. 4E) (340). A
number of tracing studies have taken advantage of the new
possibilities this strain offers (22, 141, 204, 340, 385, 451). The
genetic basis for the retrograde spread of H129 is unknown. It
is hoped that the mutation(s) will reside in genes conserved
between HSV-1 and PRV and that a similar anterograde-
restricted tracer can be engineered in PRV.

VETERINARY IMPACT OF PSEUDORABIES
(AUJESZKY’S DISEASE)

Historical Discovery

As early as 1813, press reports from the United States of
America point to sporadic outbreaks of animal disease consis-
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tent with PRV. The disease was first described as “mad itch” in
cattle and was characterized by heavy itching (165). In 1902, a
Hungarian veterinary surgeon, Alddar Aujeszky, provided the
first scientific documentation that PRV is the etiological agent
of the disease pseudorabies, or Aujeszky’s disease (10; re-
viewed in references 160 and 437). Aujeszky chronicled his
successful efforts to isolate PRV from an ox, dog, and cat.
Inoculating the recovered virus into pigs and rabbits resulted in
transmission of the disease. Examination of the disease syn-
drome in rabbits revealed that it was reminiscent, but distin-
guishable from rabies. Accordingly, the disease was assigned to
pseudorabies. The viral nature of the causative agent of Au-
jeszky’s disease was confirmed soon thereafter (362) and PRV
was later identified as the cause of the mad itch (367).

Lethality of Pseudorabies Infection in Nonnative Hosts

In addition to infection of its natural swine host, PRV infects
a broad range of vertebrates. These include cattle, sheep, dogs,
cats, goats, chickens, raccoons, possums, skunks, rodents, rab-
bits, guinea pigs, and, rarely, horses (128, 160, 207, 263, 318,
435). Infection of carnivores, such as bears and wild felines, has
also been reported to occur after consumption of raw PRV-
infected meat (60, 150, 450). Infection of nonnative hosts with
a wild-type PRYV strain is uniformly lethal. While PRV does
not infect humans, experimental studies in nonhuman primates
indicate that rhesus monkeys and marmosets are susceptible to
infection. Other higher-order primates, such as chimpanzees,
are not susceptible to infection (118, 211).

Acute PRV Infection of Swine

Outbreaks of PRV in the United States increased substan-
tially in the 1960s. This timing is coincident with a dramatic
increase in the intensity of swine production and close-quarter
confinement of large numbers of pigs in swine barns. The
increased stresses imposed on the swine coupled with closer
contact provided ideal conditions for spread of PRV (211).
Primary viral replication occurs in the nasal and oropharyngeal
mucosa (259). PRV is tropic for both respiratory and nervous
system tissue of swine and viral particles enter sensory nerve
endings innervating the infected mucosal epithelium. Morbid-
ity and mortality associated with PRV infection varies with the
age of the pig, overall health status of the animal, viral strain,
and infectious dose. Younger swine are the most severely af-
fected by PRV infection and typically exhibit symptoms of
central nervous infection whereas older swine exhibit symp-
toms of respiratory disease (211).

For suckling piglets, the incubation period of PRV is typi-
cally 2 to 4 days. Initially, piglets are listless, febrile, and un-
interested in nursing. Within 24 h of exhibiting these symp-
toms, the piglets will progressively develop signs of central
nervous system infection including trembling, excessive saliva-
tion, incoordination, ataxia, and seizures. Infected piglets may
sit on their haunches in a “dog-like” position because of hind
limb paralysis, lay recumbent and paddle, or walk in circles.
Once piglets develop central nervous system abnormalities,
they die within 24 to 36 h. Mortality of suckling pigs with
pseudorabies is extremely high, approaching 100%. The cause
of death in piglets has historically been attributed to viral
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encephalitis. However, recent work suggests that a peripheral
host immune response to viral infection may be a significant
determining factor in the death of infected animals (51).

Weaned pigs, ages 3 to 9 weeks of age, tend to develop
symptoms highly reminiscent of those described for suckling
pigs. However, the mortality rate is much lower. Typically, 50%
of infected 3- to 4-week-old animals die. Pigs 5 to 10 weeks of
age become listless and anorectic, and exhibit temperatures of
41 to 42°C within 3 to 6 days of infection. Animals often
develop respiratory signs such as sneezing, nasal discharge, a
severe cough, and difficulty breathing. Pigs with respiratory
illness often lose significant body weight, a condition that
translates directly into economic loss for swine producers.
Signs of infection typically resolve after 5 to 10 days, with most
pigs making a rapid recovery upon resolution of the fever and
anorexia. If carefully nursed through their illness and treated
for secondary bacterial infections when necessary, mortality
rarely exceeds 10% (211).

In adult swine, respiratory signs are the hallmark of PRV
infection although, sporadically, adult animals may exhibit cen-
tral nervous system abnormalities varying from mild muscle
tremors to violent convulsions. Although morbidity is quite
high (approaching 100% of infected animals), mortality is rel-
atively low (1 to 2% of infected animals). Typically, clinical
signs appear in 3 to 6 days. Symptoms include a febrile re-
sponse (41 to 42°C), listless behavior, lack of interest in eating,
and mild to severe respiratory signs. These animals will typi-
cally exhibit rhinitis evidenced by sneezing and nasal discharge.
The respiratory illness may progress to pneumonia with a
harsh cough and labored breathing. Sick animals will become
emaciated and lose considerable body weight, resulting in fi-
nancial losses for swine producers. The duration of clinical
illness is 6 to 10 days, and infected animals typically recover
rapidly (211).

Pregnant animals infected with PRV in the first trimester of
pregnancy will usually reabsorb the fetuses in utero. If infec-
tion occurs within the second and third trimester of pregnancy,
infection typically results in abortion, stillbirths, or weak piglets
that die within 48 h of birth. PRV-induced infertility results
from the virus crossing the placenta and infecting animals in
utero. In fact, in a given litter, some pigs may be born normal,
while others are weak and some are stillborn due to transpla-
cental transmission of virus. Reproductive failure usually has a
low incidence on an infected farm, occurring in 20% or less of
pregnant animals (211).

PRYV Latency in Swine

During an acute infection, viral particles replicate in the
oropharyngeal mucosa then enter sensory nerve endings inner-
vating the site of infection. Retrograde transport of virus par-
ticles occurs in the maxillary branch of the trigeminal nerve
(cranial nerve V), the glossopharyngeal nerve (cranial nerve
IX), and the olfactory nerve (cranial nerve I) (reviewed in
reference 253). The term latent infection of swine is used to
describe a long-term infection in which the PRV genome is
quiescent and PRV virions cannot be recovered. The predom-
inant sites of PRV latency are the trigeminal ganglia (originally
described as gasserian ganglia) and the sacral ganglia in feral
swine (discussed in Feral Swine: Reservoirs of Sexually Trans-
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mitted PRV in the United States). Similarly, the predominant
sites of latent neuronal infection of the human alphaherpesvi-
ruses HSV-1 and HSV-2 are the trigeminal ganglia and the
sacral ganglia (433). Latent PRV genomes can be detected in
the other neural tissues such as the olfactory bulb and brain
stem (355, 356, 354, 430). Each latently infected cell body of
the trigeminal ganglia harbors approximately 30 copies of the
viral genome (354). In addition, tonsillar lymph nodes are
reported sites of latency (51, 52, 81, 356). However, the rate of
PRV DNA detection in tonsils is often lower than that seen in
trigeminal ganglia, and questions remain as to whether tonsils
constitute a true site of latency rather than the site of low but
persistent infection (reviewed in reference 253). The cell type
harboring PRV within the tonsillar tissue remains unknown.

Reactivation and shedding of virus in latently infected ani-
mals frequently occurs after stressful experiences. Stressors
include concomitant disease conditions, vehicular transport,
poor animal husbandry, farrowing (i.e., giving birth to piglets),
and treatment with immunosuppressive agents, e.g., corticoste-
roids (96, 353, 354, 399, 416, 436).

Modified Live Vaccines

The immunobiology of pseudorabies virus has been re-
viewed by Mettenleiter (278). Most PRV vaccines are attenu-
ated modified live virus vaccines. The attenuation of modified
live virus vaccines arises from their deletion of PRV UL23, the
gene encoding the viral thymidine kinase. Thymidine kinase is
critical for viral replication in nonmitotic tissues, such as neu-
rons. Furthermore, attenuation is also mediated by deletion of
gE (280).

Historically, attenuated modified live virus vaccine strains
such as PRV-Bartha and PRV-Bucharest arose from extensive
passaging of virulent field isolates in embryonic chicken cell
cultures. For example, attenuated PRV-Bucharest was isolated
after passaging a virulent strain over 800 times in chicken cells.
Other methods for generation of attenuated strains include
selection for drug resistance (23, 209).

In recent decades, advancements in understanding of PRV
genetics and molecular biology permitted elucidation of essen-
tial PRV neurovirulence factors. PRV gE is an important
swine neurovirulence factor (233, 246, 283). Quint et al. genet-
ically engineered an attenuated “marker” vaccine strain
(2.4N3A) by deleting the gE coding sequence from the genome
of the highly virulent field strain NIA-3 (330). Deletion of gE
from vaccine strains also makes it possible to serologically
distinguish gE-null vaccine strain-infected animals from viru-
lent field strain-infected animals.

By screening for 5-bromodeoxyuridine resistance in 2.4N3, a
gE-null, thymidine kinase-null double knockout vaccine strain
(PRV-Begonia) was isolated (419). Standardized vaccine effi-
cacy tests demonstrate that Begonia exhibits the critical traits
sought for a modified live virus vaccine (102). Vaccination with
the Begonia strain imparts protective immunity against viru-
lent field strain challenge and prevents or significantly dimin-
ishes excretion of challenge virus that could spread to other
herd members. Vaccination also guards against the growth
retardation associated with pseudorabies disease. The vaccine
is safe for pigs of all ages, including pregnant females, other
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farm animals, including cattle and sheep, and pets such as dogs
and cats (419).

gE/thymidine kinase double-knockout vaccine strains (gE
null marker strains) are used preferentially worldwide. gG/
thymidine kinase double-knockout vaccines (gG marker
strains) are available as well. Preferential use of gE over gG
marker strains is primarily due to the superiority of gE-tar-
geted assays enzyme linked immunosorbant assays compared
with gG-targeted diagnostic assays for differentiation of vacci-
nated and field strain infected animals (211, 363, 427, 431).
Most regulatory organizations governing pseudorabies disease
management in the United States and within the European
Union require marking of pseudorabies vaccines by gE dele-
tion (211, 295, 431).

DNA Vaccines

Globally, pork producers suffer substantial economic loss
due to pseudorabies disease. Successful vaccination programs
confer protection against disease, but are not sufficient to pre-
vent PRV infection. Thus, successful protection of herds
against PRV requires vaccination in conjunction with other
measures including routine testing and selective culling of in-
fected animals. The most efficacious virus-neutralizing anti-
bodies target PRV gC and gD (89, 115 164, 256, 293, 425).
Subunit vaccines consisting of gC or gD, as well as anti-idio-
typic anti-gD antibodies elicit some degree of protective im-
mune responses (257, 261, 409). A large portion of the neu-
tralizing activity in convalescent swine sera is directed against
gC (27). In addition, gC has been reported by Zuckerman et al.
to be a primary target for porcine cytotoxic T cells (453). Taken
together, these studies indicate PRV gC and gD represent the
major targets for the host’s immune system against infection.

DNA vaccines are DNA constructs encoding viral or bacte-
rial immunogens. These constructs can be directly inoculated
into animals and taken up by host cells, which then synthesize
and process the encoded viral antigens for immune display by
MHC class I molecules on their cellular surface (reviewed in
reference 171, 410, 411). DNA vaccines, consisting of plasmids
encoding PRV gC or gD have been tested for induction of a
protective response against wild-type infections in swine (147).
While vaccination with the gD plasmid offered no discernible
protection, the results with the gC were more promising (147).
Inoculation of swine with as little as 1 g of gC-encoding
plasmid DNA resulted in seroconversion of animals, the in-
duction of a protective T-cell response, and full protection of
animals against a challenge dose of a widely used vaccine
challenge strain PRV-75V19 (6). However, the DNA vaccines
provided only partial protection against the highly virulent
PRV NIA-3 strain. Another promising result derived from this
study was that intradermal inoculation of plasmid DNA re-
sulted in a higher degree of seroconversion than introduction
of plasmid DNA by an intramuscular route. This route of
infection is particularly useful in that it facilitates efficient
vaccination of a large herd of animals.

A multicomponent vaccine comprising the genes for gB, gC,
gD, and gE was compared with commercial inactivated and
modified live virus vaccines by Gerdts et al. The protection
offered by the multicomponent vaccine exceeded that of the
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inactivated virus, but was less than the protective response
elicited by the modified live virus (148).

Advantages of viral DNA vaccines include a relatively high
degree of biological safety because infectious particles are not
required for preparation of the vaccine, nor are infectious
agent introduced into the animals. Additionally, proteins ex-
pressed from plasmid DNA constructs are incorporated into
the antigen-processing machinery of both major histocompat-
ibility complex class I and class II. Ultimately, this results in
induction of not only effective humoral responses, as in the
case for whole or subunit vaccines, but also in induction of
protective cellular immune responses (87, 199, 255, 335, 398).

One additional advantage of a DNA vaccine is that the PRV
ULA49.5 gene product, gN, is not expressed in the vaccinated
host’s cells. PRV UL49.5 inactivates TAP (the transporter as-
sociated with antigen processing (228). TAP plays a critical
role in translocating antigens from the cytoplasm into the en-
doplasmic reticulum of infected cells for presentation by major
histocompatibility complex class I molecules. Major histocom-
patibility complex class I presentation of immunogens is essen-
tial for robust cytotoxic T cell response to the viral antigen
target.

Diagnostic Tests for PRV

A number of assays can be performed in veterinary diagnos-
tic laboratories to confirm a diagnosis of pseudorabies in the
field. Such assays usually include viral isolation from infected
tissues samples, immunofluorescence assays on tissue sections
and nasal swabs, and serologic assays. Serologic assays consist
of latex agglutination tests, serum neutralization assays, and
enzyme-linked immunosorbent assays testing for a humoral
response to gE. Enzyme-linked immunosorbent assays specif-
ically identifying the presence of gE in an animal’s blood are
particularly useful because these distinguish an immune re-
sponse to a field strain (gE™) infection from an immune re-
sponse to a vaccine strain (gE7) (211).

Worldwide Distribution of Pseudorabies

Pseudorabies outbreaks occur in swine populations world-
wide, resulting in substantial economic losses for affected
countries. Many countries, such as Germany and the Nether-
lands, mounted successful agricultural campaigns to eradicate
PRV from their swine populations. In 2001, Germany was
listed as Aujeszky’s disease-free. Eradication efforts included
selective culling of PRV-positive herds, widespread vaccina-
tion programs with marker viruses such as gE-null vaccine
strains, restricted importation of swine, and improved herd
management practices to isolate swine from potential reser-
voirs of infection such as wild boar (295, 381, 417). In 2003,
countries with documented cases of PRV (in alphabetical or-
der) included Belarus, Brazil, Cuba, France, Hungary, Italy,
Mexico, Panama, Poland, Portugal, Romania, Russia, Slova-
kia, Slovenia, Taiwan, and Ukraine. Pseudorabies outbreaks in
Mexico are particularly troubling to U.S. state and federal
agricultural officials, given Mexico’s border with the United
States. This underscores the importance of surveillance and
monitoring of movement of animals across U.S. borders. In-
formation regarding global pseudorabies outbreaks was pro-
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vided by the World Organization for Animal Health/Office
International des Epizooties (web site address: www.oie.int).

Economic Impact of PRV in the United States

Circa 1999, economic estimates indicated that the American
pork production industry generates approximately US$30 bil-
lion in revenue annually. PRV has been the target of an effec-
tive nationwide eradication program. The annual cost of erad-
ication efforts is approximately US$30 million. Of this amount,
approximately US$17 million is spent vaccinating animals to
protect against PRV, US$11 million in costs is attributable to
government indemnity payments to swine producers for culling
infected herds, and close to US$2 million is dedicated to dis-
ease surveillance. Reviewed information regarding pseudora-
bies and the status of pseudorabies eradication efforts in the
United States is derived from the U.S. Department of Agri-
culture—Animal Plant Health Inspection Service (web site
address, www.aphis.usda.gov).

Efforts to Eradicate PRV in the United States

In 1989, the U.S. Department of Agriculture implemented a
program for eradicating PRV from herds in the United States.
This eradication program is monitored and reported by indi-
vidual states and includes the U.S. territories of Puerto Rico
and U.S. Virgin Islands. According to information acquired
from the U.S. Department of Agriculture-Animal Plant Health
Inspection Service web site, five specific stages for eradication
were outlined:

Stage I: Preparation and implementation of PRV programs
under the auspices of state, federal, and industrial authorities.

Stage II: Surveillance, control, and culling of known infected
PRV herds.

Stage III: Less than 1% of herds infected with PRV.

Stage IV: No new outbreaks reported within one calendar
year and no herds testing positive for the presence of PRV
infection.

Stage V: Two consecutive years at Stage IV.

The effectiveness of this program is readily apparent. As of
April 2005, all states and U.S. territories are stage V.

Feral Swine: Reservoirs of Sexually Transmitted PRV in the
United States

Studies on feral swine (Sus scrofa) populations in the United
States have demonstrated that PRV is indigenous in these
herds (92). In feral populations, PRV primarily spreads by a
venereal route rather than a respiratory route typical in do-
mestic herds (348a, 350). In contrast to the trigeminal ganglion
latency of PRV in domestic swine, feral swine herds typically
show latent infection of the sacral ganglia (349). To ensure the
continued success of the U.S. eradication program, herd man-
agement practices require vigilant maintenance of physical
barriers (e.g., double fences) between wild and domestic swine
(350) (U.S. Department of Agriculture-Animal Plant Health
Inspection Service web site). Viral strain differences may ex-
plain the difference in tropism, as a comparison study of virus
strains originating from either domestic or feral pigs found the
feral strains to be markedly attenuated (163).
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OUTLOOK

As a distant relative of human alphaherpesviruses, PRV
shares considerable positional and functional gene homology
with HSV-1, HSV-2, and VZV, but little to no DNA sequence
homology. Research on PRV has already provided consider-
able insight into basic biology and mechanisms of herpesvirus
pathogenesis in general, highlighting both the conserved na-
ture of viral replication strategies, and their unique adaptation
to a particular ecological niche.

The pace of PRV research has accelerated in the past 20
years, with the genome sequence only recently completed. Re-
cent investigations into the molecular biology of PRV have
more than once yielded findings that challenged accepted
dogma and led the way to a clearer revised picture of how
alphaherpesviruses function, including the general mechanism
of herpesvirus virion assembly, entry and egress, neuroinva-
sion, and pathogenesis. Ongoing efforts are directed to the
systematic functional analysis of every gene by establishing and
characterizing null mutants in tissue culture and animal mod-
els. For certain key genes, the studies are often extended to
include more detailed studies using targeted genetics and cell
biology. Clearly, the methodical investigation of PRV gene
functions will continue into the near future. In addition to
answering critical questions about the viral life cycle, neuronal
spread and viral pathogenesis, the new findings are expected to
lead to direct practical applications in diagnostic testing, vac-
cines and antiviral drug therapy. Future PRV research also
promises significant contributions to the areas of comparative
virology, neurobiology, and cellular biology.

The broad host range of PRV can be used to examine how
host-pathogen interactions lead to radically different outcomes
of PRV infection in the natural and nonnatural hosts. The
strategies used by PRV to evade the intrinsic and innate host
immune defenses in so many different animals have yet to be
catalogued, and present an exciting and challenging new field
of study.

The relatively modest number of genes encoded by the PRV
genome simplifies the use of proteomics and genomics tech-
nology in comparative virology studies, and a first-generation
PRYV gene chip has been constructed (C. Hengartner and L. W.
Enquist, personal communication). The molecular biology
tools already available for PRV include bacterial artificial
chromosomes of the viral genome, transposon mutagenesis,
and epitope tagging. Neuronal culture systems, compart-
mented chamber culture systems, and live fluoroscopy imaging
techniques have also been adapted for the study of virus intra-
axonal transport, viral assembly, and transneuronal spread at
the synapse. As described in the tracing section of this review,
ever more complex and powerful viral vectors are being devel-
oped for mapping neuronal circuits.

Finally, as a veterinary pathogen, PRV is coming under
control thanks to smart agricultural management, frequent
testing, and extensive vaccination. The molecular aspects of
the latency phase of the viral life cycle are not well understood,
and progress in this area could serve to bring us closer to the
goal of PRV eradication. However, research on the molecular
biology and pathogenesis of the virus will undoubtedly con-
tinue to provide new insights into the biology of herpesviruses.
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