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The membrane glycoproteins gE and gI are encoded by pseudorabies virus (PRV), a neurotropic, broad-
host-range alphaherpesvirus of swine. PRV gE and gI are required for anterograde spread to a restricted set
of retinorecipient neurons in the brain after infection of the rat retina. A related alphaherpesvirus, encoding
gE and gI homologs, is called bovine herpesvirus 1.1 (BHV-1.1). BHV-1.1 is a respiratory pathogen of highly
restricted host range and, in contrast to PRV, is unable to propagate in or cause disease in rodents. We have
shown previously that the BHV-1.1 gE and gI proteins are capable of complementing the virulence functions
of PRV gE and gI in a rodent model (A. C. Knapp and L. W. Enquist, J. Virol. 71:2731–2739, 1997). We
examined the ability of the BHV-1.1 gE and gI homologs to direct circuit-specific invasion of the rat central
nervous system by PRV. Both complete open reading frames were cloned into a PRV mutant lacking the PRV
gE and gI genes. Recombinant viruses were analyzed for the ability to invade the rat brain after infection of
the retina. Surprisingly, in a portion of the animals tested, the BHV-1.1 gE and gI proteins functioned
autonomously to promote spread of PRV to a subset of retinorecipient regions of the brain. First, the presence
of BHV-1.1 gI alone, but not PRV gI alone, promoted viral invasion of the optic tectum. Second, expression of
BHV-1.1 gE alone facilitated PRV infection of a subset of neurons in the hippocampus not normally infected
by PRV. When both BHV-1.1 proteins were expressed in a coinfection, all retinorecipient regions of the rat
brain were infected. Therefore, depending on the viral source, homologs of gE and gI differentially affect spread
between synaptically connected neurons in the rat.

The hallmark of the alphaherpesvirus family, which include
pseudorabies virus (PRV) and bovine herpesvirus 1 (BHV-1),
is their ability to parasitize the nervous system. Invasion of
neuronal tissue is usually benign, typically resulting in the es-
tablishment of a latent infection in sensory ganglia of the
peripheral nervous system (19). Reactivation results in the
dissemination of the virus from the ganglion to the periphery
of the host, presumably facilitating virus spread and mainte-
nance in the host population. Under certain circumstances
(e.g., infection of the very young or a different host), viral
infection can lead to a central nervous system (CNS) infection,
resulting in a devastating, often fatal encephalitis. In addition,
if the host has reduced immunocompetence, alphaherpesvi-
ruses can exhibit uncontrolled dissemination to the periphery
with severe medical complications (25). The molecular mech-
anisms that control virus spread are poorly understood. Two
viral membrane glycoproteins, gE and gI, are widely conserved
among alphaherpesviruses and are known to affect cell-cell
spread in tissue culture and in animal model systems (1, 5,
15–17). gI and gE form a complex, which is considered to be
the unit of function for anterograde spread in some, but not all,
neurons (7). Viruses that express gE and gI exhibit increased
virulence, but the relationship between virulence (ability to
cause disease) and cell-cell spread is not clear. gI and gE may
have separate functions in virulence because a gI null mutant
is more virulent than a gE null mutant (10).

For herpes simplex virus and varicella-zoster virus, gE and gI
may also defeat antibody-mediated immune defenses at the
mucosal surfaces by acting as Fc receptors, but the role of this
mechanism in primary infection is unclear (6, 27). The Fc

receptor activities of herpes simplex virus and varicella-zoster
virus gE and gI may be more relevant in controlling the reac-
tivated virus at the mucosal surface in immunized hosts. The
gE and gI homologs of other alphaherpesviruses have not been
reported to have such Fc receptor activity (24).

While maintenance of gI and gE within the phylogenetically
divergent alphaherpesvirus family corroborates their impor-
tance in the life cycle of the alphaherpesviruses, their functions
have been difficult to ascertain because gE/gI mutants have
few, tractable phenotypes in tissue culture of only certain cell
lines (10). Some biochemical properties of gI and gE, including
their ability to form a complex or to facilitate cell-cell spread in
certain tissue culture cell lines, are consistent among family
members, while others, including the ability to bind the Fc
region of immunoglobulins, appear not to be a common fea-
ture of the gI and gE homologs (6, 7, 23, 24).

The swine pathogen PRV frequently causes a lethal enceph-
alitis in piglets, which strictly depends on gI and gE (7). By
contrast, one substrain of the close relative BHV-1, BHV-1.1,
never invades the brain even though it encodes gE and gI
homologs (22). Nevertheless, BHV-1.1 mutants lacking gE are
much less virulent (11, 21). As both viruses establish latency in
the trigeminal ganglia of their hosts, we sought to determine if
the gI and gE homologs from this non-brain-invasive alpha-
herpesvirus could complement PRV gE/gI null mutants for the
ability to invade the brain. We have previously cloned the
BHV-1.1 gE and gI genes into a PRV mutant deleted for its
own gE and gI genes (12). We have demonstrated that these
recombinant viruses produce high levels of the BHV-1.1 pro-
teins and complement the virulence defect of the PRV gE/gI-
minus virus vector in the rat model (12).

The Enquist and Card laboratories have demonstrated that
the PRV gI and gE genes are required for intraneuronal,
anterograde transport within retinal ganglion cells that project
to a functionally distinct subset of visual centers (the optic
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tectum and dorsal geniculate nucleus [DGN]) involved in vi-
sual perception and reflex eye movement in the rat brain (23).
By contrast, gE and gI are not required for anterograde trans-
port within retinal ganglion cells that project to circadian
rhythm centers (23). This phenotype is called restricted neu-
rotropism, as gE and gI are required to spread to some CNS
centers and not others. We have demonstrated that this phe-
notype is not due to inability of PRV gE and gI null mutants to
infect the ganglion cells that project to the optic tectum and
DGN but rather is due to events after infection because coin-
fection with a PRV gE deletion virus and a PRV gI deletion
virus (neither of which can infect the optic tectum or dorsal
geniculate centers on its own) gave a robust infection of both
(9). Consistent with this interpretation, the infected visual cen-
ters that result from such a coinfection contain only mutant
viruses and not wild-type recombinants, suggesting that intra-

cellular complementation had occurred (9b). In this report, we
test the hypothesis that the gE and gI homologs from BHV-1.1
will complement PRV spread in the retinal infection paradigm.

MATERIALS AND METHODS

Virus strains and recombinants. All viruses were derived from PRV strain
Becker (PRV-Be) and were propagated on PK15 cells following single plaque
purification as described previously (8). Recombinant viruses used in this report
(Fig. 1) were constructed and tested for the presence and expression of all
relevant genes in the US region as described previously (12). The PRV strains
PRV-98, PRV-91, and PRV-99-Blue are isogenic with wild-type PRV-Be and
carry defined deletions in either gI (PRV-98), gE (PRV-91), or both (PRV-99).
PRV-99-Blue expresses b-galactosidase in the PRV gG locus. The PRV-99
recombinants PRV-AK7 and PRV-AK1 express BHV-1.1 gI in the PRV gG and
gI loci, respectively. The PRV-99 recombinant PRV-AK9 expresses BHV-1.1 gE
in the PRV gG locus.

Antisera. Rabbit polyclonal antiserum Rb133 was prepared against acetone-
inactivated PRV virions and recognizes PRV virus glycoproteins as well as capsid

FIG. 1. PRV genome and map of relevant mutations. The PRV US region is indicated on the second line; the map units and relevant restriction sites that cut at
or within the genes are indicated. The arrows show the direction of transcripts. Deletions in the wild-type strain PRV-Be are denoted by the black boxes, and the names
of the mutants carrying these deletions are indicated. The insertion sites of the BHV-1.1 gI and gE open reading frames within the unique short region are depicted
by the hatched boxes in the bottom three lines. B, BamHI; P, PstI; C, CspI; D, DraI; Bs, BspEI.

TABLE 1. Summary of animal infections of retinorecipient areas of the rat CNS

Virus strain(s) Virus genotype No. of
animals

Labelinga

SCN Intergeniculate
leaflet DGN Optic

tectum Hippocampus

PRV-91 1 PRV-98 PRV gE2 1 PRV gI2 10 111 111 111 111 2
PRV-99-Blue PRV gG2/gI2/gE2 2 111 111 2 2 2
PRV-AK7 1 PRV-AK9 PRV gG2/BHV gI1 1 PRV gG2/BHV gE1 6 111 111 11 (3) 11 (5) 11 (1)b

PRV-AK-9 1 PRV-91 PRV gG2/BHV gE1 1 PRV gE2 3 111 111 2 2 111 (1)
PRV-AK1 PRV gI2/BHV gI1 2 111 111 2 11 (1) 2
PRV-AK7 PRV gG2/BHV gI1 5 111 111 2 11 (3) 2
PRV-AK9 PRV gG2/BHV gE1 6 111 111 2 2 111 (3)

a 111, strong labeling in nucleus in all consecutive sections; 11, strong labeling in most sections; 2, no labeling. Numbers in parentheses indicate numbers of
animals with viral antigen in the indicated areas. All other areas were positive for viral antigen in 100% of the animals.

b Positive staining observed in one coinfection that did not result in spread to the optic tectum or the dorsal geniculate.
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proteins (3, 8). The polyvalent rabbit antiserum Rb1544 recognizes the glycosy-
lated precursor of PRV gI but not the mature species (23). Rabbit polyvalent
antisera against BHV-1.1 gI and gE are specific for BHV-1.1 gI and gE, respec-
tively, and each recognizes both the precursor and mature species (24).

Animal experiments, tissue processing, and immunohistochemistry. Adult
male Sprague-Dawley rats, weighing 200 to 300 g at the time of the experiment,
were used. Food and water were freely available during the course of the
experiment, and the photoperiod was standardized to 14 h of light/10 h of dark
(light on at 0600). Experimental protocols were approved by the Animal Welfare
Committee and were consistent with the regulations stipulated by the American
Association for Accreditation of Laboratory Animal Care and those in the
Animal Welfare Act (Public Law 99-198). The animals were confined to a
biosafety level 2 facility, and the experiments were conducted with specific
safeguards as described previously (3, 8).

For intravitreal injections, 1 to 2 ml of virus suspension was injected into the
vitreous humor of the right eye of an anesthetized animal (Table 1 presents a
summary of animal infections). All virus stocks were diluted to the same titer of
2 3 108 PFU/ml (as determined on PK15 cells) so that similar amounts of PFU
were injected for all experiments. For the coinfection experiments, virus stocks of
equal titers were mixed 1:1 (vol/vol) before inoculation. When symptoms of
infection were overt (12), the animals were euthanized by being given an over-
dose of anesthesia; the animals were then perfused and dissected as described
previously (8). Immunohistochemical analyses of coronal brain slices have been
described elsewhere (3, 8). Tissues were taken for analysis at the approximate
mean times to death for PRV-Be (72 6 6 h), PRV-99 (104 6 19 h), PRV-AK7
(89 6 8 h), PRV-AK9 (92 6 6 h), and PRV-AK7–PRV-AK9 coinfection (81.5 6
6 h) (data taken from reference 12).

In the intravitreal infection paradigm, wild-type PRV infects and replicates in
retinal ganglion cells in the eye and newly replicated virus is transported via
anterograde mechanisms to axon terminals within the CNS (Fig. 2) (8). These
terminals make synaptic contact with a variety of secondary neurons in anatom-
ically defined regions, and the virus may cross at or near these synapses to infect
the secondary neurons, depending on its gE/gI genotype.

FIG. 2. Sagittal image of rat brain with coronal position of retinorecipient
centers. Retinorecipient areas of the rat brain include the SCN (region 1), lateral
geniculate nucleus (LGN; region 2), and optic tectum (OT; region 3). Viruses
expressing gE and gI can spread to and infect central visual projection fields
located in the forebrain, such as the hypothalamus (SCN) and the thalamus
(DGN, IGL, and VGN). In addition, the most prominent midbrain target is the
superior rostral colliculus (3), also called the optic tectum. Viruses lacking gE, gI,
or both are able to infect only a subset of the retinorecipient regions, including
the SCN and the IGL, but not the optic tectum or DGN. Note that the coronal
brain slices from levels 2 and 3 are shown without cortex, which separates during
sectioning.

FIG. 3. BHV-1.1 gI and gE are expressed in the rodent brain. Coronal sections of brains from animals infected with PRV-AK7 (top row) and PRV-AK9 (bottom
row) were analyzed by immunohistochemistry as described in Materials and Methods. All photos were taken at the same magnification and settings. Viral antigen was
detected in the SCN with polyvalent antiserum Rb133 specific for PRV virion proteins (left column), polyvalent antiserum specific for BHV-1.1 gI (middle column),
and polyvalent antiserum specific for BHV-1.1 gE (right column).
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RESULTS

The PRV recombinants express the appropriate BHV-1.1
protein in the rat brain. As BHV-1.1 has a very restricted host
tropism and cannot infect rodents, it was of interest to test for
BHV-1.1 homolog expression in the rat brain. Consecutive
coronal brain sections were analyzed for PRV virion proteins
and for BHV-1.1 gI and gE by immunohistochemistry. As a
representative example, we show the immunostaining in the
suprachiasmatic nucleus (SCN) achieved with antibodies spe-
cific for PRV virion proteins (Fig. 3A and B), BHV-1.1 gI (Fig.
3C and D), or BHV-1.1 gE (Fig. 3E and F) after intraocular
injections with PRV-AK7 (top row) and PRV-AK9 (bottom
row). The appearance of immunoreactivity for the BHV-1.1 gI
or gE protein was specific, since BHV-1.1 gI or gE antigen was
detected only in animals that were infected with mutant PRV-
AK7 or PRV-AK9, respectively (Fig. 3C and F). In this exper-
iment, we attempted to show that the BHV-1.1 glycoproteins
gI and gE can be expressed in the PRV-99 mutant in vivo. We
showed that the PRV recombinants PRV-AK7 and PRV-AK9,
carrying BHV-1.1 gI and gE in PRV gG, are able to express the
glycoproteins in the SCN of the rat brain.

BHV-1.1 gI expressed by gE/gI-minus PRV has novel neu-
rotropic properties not found with the PRV gI homolog. PRV
mutants lacking gI (PRV-98) or gE (PRV-91) have phenotypes
identical to those of a gI/gE double mutant (PRV-99) in the
retinal infection paradigm. All three mutants, when infected
individually, infect the circadian centers but not the optic tec-
tum and DGN (23). As expected, PRV-AK9 and PRV-99-Blue

showed the phenotype of PRV-99, being unable to infect the
optic tectum and the dorsal geniculate (Fig. 4A to C and J to
L, respectively). However, we were surprised to find in three of
five animals that the PRV-AK7 recombinant expressing BHV-
1.1 gI was able to promote spread of PRV to the rodent optic
tectum but not to the dorsal geniculate (Fig. 4D to F). The two
remaining animals showed no infection of the optic tectum or
the dorsal geniculate while infecting the circadian centers. In
the three animals with optic tectum infection, superficial and
deeper layers in the contralateral but not ipsilateral tectum
were infected, indicating that the virus had reached the supe-
rior colliculus by direct anterograde transport from retinal
ganglion cells through the optic tract. The presence of BHV-
1.1 gI protein was confirmed by staining with polyclonal anti-
serum for BHV-1.1 gI (data not shown). This unexpected re-
sult was not due to high expression levels of BHV-1.1 gI under
the strong PRV gG promoter, because similar results were
obtained after the infection with PRV-AK1, a recombinant
virus that expresses about 15 times less BHV-1.1 gI than PRV-
AK7 (Fig. 4G to I) (12). One of two animals infected with
PRV-AK1 showed a qualitatively similar staining pattern (Fig.
4G to I). These results were not due to the insertional inacti-
vation of gG, because PRV-99-Blue (Escherichia coli lacZ in-
serted into the gG locus) never infected the optic tectum (Fig.
4J) (9a). At this time, we do not understand why this pheno-
type was not observed in all infected animals. Nevertheless,
these experiments demonstrate that BHV-1.1 gI, in the ab-
sence of any gE homolog, confers unique neurotropic proper-

FIG. 4. BHV-1.1 gI partially restores spread to the visual centers. Coronal sections of brains were analyzed by immunohistochemistry, and images from similar
regions were produced at the same magnification. Animals were injected intraocularly with PRV-AK9 (A to C), PRV-AK7 (D to F), PRV-AK1 (G to I), or
PRV-AK99-Blue (J to L). Polyvalent antiserum Rb133 made against PRV virions reacted with viral antigen in the optic tectum (OT; top row), lateral geniculate nucleus
(LGN; middle row), and SCN (bottom row). Each column presents data from the same infected animal. The BHV-1.1 gI-expressing PRV recombinants infected all
circadian rhythm centers and only one of the main visual centers, the optic tectum (D to J), while PRV recombinants with BHV-1.1 gE (A to C) or lacZ (J to L)
expressed from the same promoter infected only the circadian rhythm centers. The top arrow indicates the DGN, the middle arrow indicates the IGL, and the bottom
arrow indicates the VCN.
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ties to PRV not observed with expression of BHV-1.1 gE, PRV
gE, or PRV gI alone.

Functional synergism between BHV-1.1 gI and gE. For PRV
to infect the rat visual centers (the optic tectum and the DGN)
after infection of the eye, both gE and gI must be expressed. As
shown above, PRV recombinants expressing BHV-1.1 gI were
able to infect a subset of the visual centers in the rat CNS,
namely, the optic tectum but not the DGN. We asked if the
partial complementation by BHV-1.1 gI could be enhanced by
coinfection with PRV-AK9, a virus that expresses BHV-1.1 gE.

Control coinfections with the PRV gI- and gE-expressing
mutants PRV-91 and PRV-98 resulted in full restoration of
wild-type virus infection (PRV-Be) as described previously
(Fig. 5A to C) (9). Similar results were obtained after coinfec-
tion with PRV-AK7 and PRV-AK9 (Fig. 5D to F). Notice that
all retinorecipient regions were infected (Fig. 5D to F), which
is in contrast to the limited-spread phenotype observed after
the injection of only PRV-AK7 (Fig. 4E): the DGN now
stained positive for viral antigen (Fig. 5E). Thus, coexpression
of both proteins gave a phenotype identical to that of wild-type
PRV.

We also investigated whether PRV gI could cooperate with
BHV-1.1 gE in promoting infection of the visual brain centers.
In this experiment, we coinfected the rat retina with a mixture
of PRV-AK9, expressing BHV-1.1 gE, and PRV-91, expressing
PRV gI. As shown in Fig. 5G to I, we observed no comple-
mentation and saw only the restricted spread of PRV to the
circadian rhythm centers, characteristic of infection by each

individual mutant. Thus, the gI homolog from PRV and gE
homolog from BHV-1.1 cannot function together in vivo to
promote spread to the rat visual centers. We have been unable
to detect complex formation between BHV-1.1 gE and PRV gI
when tissue culture cells were coinfected with PRV-AK9 and
PRV-91, suggesting that these two proteins do not physically
interact (data not shown).

BHV-1.1 gE facilitates spread of PRV to the hippocampus.
Infection of the eye by PRV-AK9 was similar to infection by
any PRV gE or gI deletion mutant in that only a subset of the
retinorecipient areas of the brain were infected. However, in
three of six infected animals, we noted one striking difference:
PRV-AK9 gave a robust infection of pyramidal cells in the
hippocampal formation. Representative coronal sections
through the hippocampus from one such infection are shown in
Fig. 6. Figure 6A is a Nissl stain of infected tissue highlighting
the dentate gyrus (dark staining) for orientation; Fig. 6B shows
the absence of viral antigen in this region after wild-type virus
infection; Fig. 6C and the enlargement in Fig. 6D show the
robust immunostaining of PRV-AK9-infected pyramidal cells
in the CA1 and CA3 regions of Ammon’s horn (20). As a
control, we replaced the BHV-1.1 gE gene with wild-type DNA
from PRV, restoring expression of gG, and found that the
ability to infect the hippocampus was lost (data not shown),
indicating that this phenotype is associated with the expression
of BHV-1.1 gE.

Interestingly, we also observed hippocampal infection after
coinfection with PRV-AK7 and PRV-AK9 in an animal that

FIG. 5. Coinfection by PRV-AK7 and PRV-AK9 restores virus spread to all visual centers. Mixtures of the designated viruses were made as described in Materials
and Methods. Animals were infected with 1 to 2 ml of each mixture, and virus spread to the retinorecipient areas of the brain was determined by immunohistochemical
analysis as described in Materials and Methods. Results from three infected animals are shown: the control coinfection of PRV-98 with PRV-91, showing comple-
mentation and restoration of the wild-type phenotype (left column); PRV-AK7 with PRV-AK9, showing similar complementation (middle column); and PRV-AK9 with
PRV-91, showing no complementation (right column).
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showed no infection of the optic tectum or dorsal geniculate
(Table 1). We also saw infection of the hippocampus in one
coinfection of PRV-AK9 and PRV-91. More infected animals
must be analyzed before conclusions can be drawn, but it may
be that infection of the optic tectum and the hippocampus are
mutually exclusive when BHV-1.1 gE and gI, but not PRV gI,
are present (Table 1).

DISCUSSION

The membrane glycoproteins of all alphaherpesviruses fall
into two operationally defined classes: those required for in-
fection of cells in tissue culture and those that are dispensable
for efficient infection of cells in culture. The functions of the
latter class are often revealed by experimental infection of
animals. Accordingly, genetic analysis of function in nonessen-
tial glycoproteins has been difficult in vivo. An underlying as-
sumption for our experiments is that conserved herpesvirus
proteins retain similar functions that may be revealed in di-
verse animal models. In this study, we used a rodent model of
neural circuit-specific infection to assess conservation of func-
tion of the gE and gI membrane proteins encoded by PRV and
BHV-1.1. PRV is a neurotropic alphaherpesvirus whose natu-
ral host is the swine but is capable of infecting and causing
disease in a wide variety of vertebrates including rodents and
birds (26). By contrast, BHV-1.1 is a respiratory pathogen of

highly restricted host range limited essentially to cattle (22).
The gE and gI proteins encoded by PRV are required for
efficient pathogenesis in swine, rodents, and day-old chicks (7).
Similarly, BHV-1.1 mutants defective for gE have markedly
reduced ability to cause disease in cattle (11).

Despite the differences between the two viruses in tropism
and pathogenic spectrum, it was striking to us that PRV and
BHV-1.1 gE mutants had similar reduced-pathogenesis phe-
notypes. In pursuing an explanation for this, we have demon-
strated that despite differences in host range, the BHV-1.1
homologs were capable of complementing the virulence func-
tions of PRV gE and gI in rats, supporting our contention that
conserved proteins have conserved function independent of
host and virus (12). As both PRV and BHV-1.1 establish a
latent infection in sensory ganglia, we continued our analysis
for complementation of function by determining if the BHV-
1.1 gE and gI gene products can complement the specific
neurotropism phenotypes of PRV gE/gI mutants.

In the natural host, PRV gE null mutants cannot spread to
the olfactory bulb after infection of the olfactory epithelium,
but such mutants retain the ability to infect various sensory
ganglia where they can establish a latent infection (7). This
restricted neurotropism phenotype appears to hold true in all
animal models tested to date: PRV gE or gI null mutants can
infect axon terminals and spread toward the cell body (defined
as retrograde spread), but these same mutants, after infecting
neuronal cell bodies, cannot spread toward axon terminals in
many neurons (defective in anterograde spread). The Enquist
and Card laboratories have developed a model to study re-
stricted neurotropism and anterograde spread of herpesviruses
involving infection of the rat retina (8). Spread from the retina
into the brain occurs solely by anterograde transport, and in
the rat, the regions of the brain where the axon terminals of
retinal ganglion cells terminate are well known (3). Thus, wild-
type PRV infects the retina and spreads by anterograde mech-
anisms to infect all known second-order neurons in the brain
connected to the retina (so-called retinorecipient regions). By
contrast, PRV gE and gI mutants are incapable of spreading to
some retinorecipient regions. Like wild-type virus, PRV gE
and gI mutants can spread efficiently by anterograde transport
to the SCN and the intergeniculate leaflet (IGL) (circadian
rhythm centers); they cannot spread to the optic tectum and
dorsal lateral geniculate nuclei. This model is a sensitive indi-
cator of function and was used to assess the ability of BHV-1.1
gE and gI genes to complement PRV gE and gI null mutants.
As discussed below, we also assert that the ability to distinguish
gE-dependent anterograde infection in some but not all cir-
cuits has relevance to natural primary and recurrent infections.

The experiments provided three unexpected results. First,
the BHV-1.1 gI gene product alone can restore ability of PRV
to infect the optic tectum but not the DGN. Second, the BHV-
1.1 gE gene product alone enabled PRV to infect the hip-
pocampus. Third, when both BHV-1.1 gE and gI were ex-
pressed in a coinfection, a robust infection of all visual centers
was observed. The first two phenotypes are unique to the
BHV-1.1 gE and gI genes and have never been observed for
PRV mutants expressing either PRV gI or gE.

The first result, the ability of BHV-1.1 gI to promote infec-
tion of the optic tectum in the absence of a gE partner, was
unexpected because a PRV mutant lacking gE (PRV-91) but
expressing PRV gI cannot infect the optic tectum at all (23).
Both PRV-AK1 and PRV-AK7 exhibited the same phenotype,
indicating that it was not the particular construct or the level of
BHV-1.1 gI that was responsible for the effect, as PRV-AK1
expressed at least 15-fold less BHV-1.1 gI compared to PRV-
AK7 (12). Moreover, neither PRV-99-Blue (expressing E. coli

FIG. 6. BgE facilitates spread of PRV to the hippocampus. (A) Thionine
(Nissl stain) staining of dentate gyrus in PRV-Be-infected brain. (B) Negative
immunohistochemical reaction with RB133 serum (anti-PRV virion proteins) in
the hippocampus of a PRV-Be-infected brain. (C) Positive immunohistochemi-
cal reaction with Rb133 serum in the hippocampus of a PRV-AK9 infected brain.
(D) Magnification of PRV-positive area indicated in panel C in the hippocam-
pus. Pyramidal cells in the CA1 and CA3 regions of Ammon’s horn are specif-
ically stained.
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lacZ from the gG locus) nor PRV-AK9 (expressing BHV-1.1
gE from the gG locus) was able to spread to the optic tectum,
indicating that gG played no role in the phenomenon. The
novel spread phenotype promoted by BHV-1.1 gI suggests that
the neurons projecting to the dorsal geniculate and the optic
tectum are distinguishable, demonstrating that viral mutants
can dissect neuronal circuitry.

The second novel finding was that PRV-AK9 (expresses
BHV-1.1 gE) exhibited a novel gain-of-function phenotype:
intravitreal infection with PRV-AK9 spread to the hippocam-
pus in three of six animals (Table 1). The hippocampus is
known to give rise to a dense bisynaptic projection to the
medial hypothalamus that involves a synapse in the lateral
septum (18). The pattern of infection that we observed in the
hippocampal formation following intravitreal injection of
PRV-AK9 may have been achieved by retrograde transsynaptic
passage of virus through this circuitry. Consistent with this
idea, we do observe infection of the lateral septum in every
animal with a hippocampal infection (data not shown). Further
work must be done following the temporal spread of PRV-
AK9 after retinal infection to verify that the lateral septum
becomes infected before the hippocampus. Other than the
novel infection of the hippocampus, PRV-AK9 behaved as
expected for a PRV mutant lacking gI but expressing gE; there
was no infection of the optic tectum and dorsal geniculate but
robust infection of the circadian centers. We also can see
infection of the lateral septum in some animals infected with
wild-type virus (data not shown). It is not clear at this time
where wild-type PRV is blocked in infection of the projection
system of the hippocampus to the retina and how this block is
overcome by BHV-1.1 gE but not PRV gE. As BHV-1.1 has
evolved to be a respiratory pathogen, we speculate that this
novel rat brain infection pathway reflects the difference in
ability of gE and gI gene products to affect virus spread be-
tween many different cell types. Perhaps the composition of
synapses characterizing the retinal-hippocampal pathway share
common features with cell-cell junctions in the respiratory
tract.

The third novel observation was made when BHV-1.1 gE
and gI were expressed together in a coinfection by PRV-AK9
and PRV-AK7 of the rat retina: several animals had a robust
infection of all the visual centers (including the appropriate
dorsal geniculate [three of six animals] and optic tectum [five
of six animals]). However, as indicated in Table 1, the infection
was quantitatively different from a wild-type PRV-Be infection
that is usually seen over a more extensive area in the respective
nuclei. We did not observe a hippocampus infection in these
animals. However, we did observe a strong hippocampus in-
fection in one animal that did not have any infected cells in the
optic tectum or dorsal geniculate. If spread to the hippocam-
pus and spread to the optic tectum are mutually exclusive, one
possibility may be that BHV-1.1 gI inhibits the ability of gE to
promote spread to the hippocampus by heterodimer formation
and alternatively facilitates invasion of the visual centers.
Hence, lack of optic tectum and geniculate infection following
mixed PRV-91 (expresses PRV gI) and PRV-AK9 is consistent
with a failure of PRV gI and BHV-1.1 gE to form a het-
erodimer (data not shown) and, in one case, infection of the
hippocampus (Table 1; Fig. 5).

This work raises two general questions. First, what is the
relationship of gE/gI-dependent cell-cell spread seen after tis-
sue culture infection and gE/gI-dependent anterograde spread
in neurons of living animals? Second, why would gE and gI be
required for spread in some but not all anterograde circuits?
We postulate that the answers to both questions lie in the
mechanism of cell-cell spread promoted by gE and gI. It is

likely that virus spread from cell to cell is directed to, and
occurs at, unique junctions: epithelial junctions, sites of synap-
tic contact between neurons, or adhesion contacts between
fibroblasts in tissue culture may be sites where gE and gI are
required. Moreover, as these junctions differ between cell
types, they may differ in their responses to gE and gI.

We suggest that in vivo, gE and gI may act at several stages
of the herpesvirus life cycle to promote virus spread, both at
the mucosal surface and after reactivation from bipolar sensory
ganglion neurons. At the mucosal surface, infection by wild-
type virus results in localized spread in the epithelial and sur-
rounding cells promoted in part by gE and gI (2, 4, 16, 28).
Although infection and the establishment of latency in sensory
ganglia are independent of gE and gI expression (7, 13, 14, 21),
gE and gI may selectively promote anterograde spread back to
the mucosal surface at the exclusion of alternative spread to
the CNS during reactivation.

In summary, the BHV-1.1 gE and gI genes cloned in gE/gI-
minus PRV vectors were expressed at high levels in the rat
brain and revealed novel properties that provided insight into
herpesvirus pathogenesis. These studies suggest that gE and gI
herpesvirus homologs possess analogous functions despite dif-
ferent host ranges and pathogenic niches of their parent vi-
ruses. Functional autonomy in the so-called nonessential genes
like gE and gI implies conserved interactions with the host.
This conclusion has been reached for the gC homologs where
interaction with extracellular matrix proteins as well as host-
specific complement components are well known (19). The
molecular mechanisms by which gE and gI genes affect viru-
lence and spread at the mucosal surface as well as in the
nervous system are likely to be conserved among herpesviruses
that encode them.
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