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During lytic infection, the virion host shutoff (vhs) protein mediates the rapid degradation of mRNA and the
shutoff of host protein synthesis. In vivo, herpes simplex virus type 1 (HSV-1) mutants lacking vhs activity are
profoundly attenuated. Homologs of vhs exist in all of the neurotropic herpesviruses, and the goal of this study
was to determine the virulence of HSV-2 mutants lacking vhs. Two HSV-2 recombinants were used in this
study: 333-vhsB, which has a lacZ cassette inserted into the N terminus of vhs, and 333d41, which has a 939-bp
deletion in vhs. As expected, both 333-vhsB and 333d41 failed to induce the cellular RNA degradation
characteristic of HSV. Corneal, vaginal, and intracerebral routes of infection were used to study pathogenesis.
Both viruses grew to significantly lower titers in the corneas, trigeminal ganglia, vaginas, dorsal root ganglia,
spinal cords, and brains of mice than wild-type and rescue viruses, with a correspondingly reduced induction
of disease. Both viruses, however, reactivated efficiently from explanted trigeminal ganglia, showing that vhs is
dispensable for reactivation. The lethality of 333d41 following peripheral infection of mice, however, was
significantly higher than that of 333-vhsB, suggesting that some of the attenuation of 333-vhsB may be due to
the presence of a lacZ cassette in the vhs locus. Taken together, these data show that vhs represents an
important determinant of HSV-2 pathogenesis and have implications for the design of HSV-2 recombinants
and vaccines.

Herpes simplex virus (HSV) induces a rapid destabilization
of mRNA due to the product of the viral UL41 gene, known as
the virion host shutoff (vhs) protein. This 58-kDa phosphopro-
tein, packaged within the tegument of the virus, is released
directly into the cytoplasm upon infection, where it immedi-
ately begins to degrade mRNA prior to any viral gene expres-
sion (7, 23). Recent studies have demonstrated that vhs has
endoribonucleolytic activity near the 5� end of target mRNA
(3, 4, 15), which requires a cellular factor (18) but no other
viral proteins (14, 20). Viruses containing mutations within any
of the four conserved domains in the UL41 gene do not cause
RNA destabilization upon infection (8, 22, 23, 25). Such mu-
tants are viable in cell culture, and the effect of vhs deletion on
viral replication in tissue culture is minimal (22).

The genomes of HSV type 1 (HSV-1) and HSV-2, varicella-
zoster virus, equine herpesvirus, and pseudorabies virus all
have homologs of vhs (1). The conservation of vhs in these and
other neurotropic alphaherpesviruses and its apparent absence
in beta- and gammaherpesviruses suggest that vhs plays a role
in neuropathogenesis, although the role of vhs in this context
has only been studied in HSV-1. The goal of this study was
therefore to examine the contribution of vhs to the pathogen-
esis of HSV-2.

The pathogenesis of HSV-1 and HSV-2 infections in hu-
mans and animal models has some general similarities and
some important differences. HSV-1 is primarily associated with

orolabial lesions, stromal keratitis, and occasionally encepha-
litis (27). HSV-2 primarily causes genital infections but is also
capable of necrotizing stromal keratitis, encephalitis, meningi-
tis, and neonatal ophthalmic, and neurologic complications in
infants surviving infection (27, 32). In animal models, HSV-2 is
significantly more neurovirulent than HSV-1 by all routes of
infection (12, 16, 26).

HSV-1 mutants lacking vhs function have a significantly re-
duced capacity to replicate in the cornea, trigeminal ganglia,
and brains of mice and show impaired establishment and re-
activation from latency in a murine eye model of latency and
pathogenesis (29–31). UL41 mutant viruses, however, remain
highly immunogenic, suggesting that deletion of vhs may be a
useful property for live-attenuated herpesvirus vaccines (10,
34, 35). The vhs proteins of HSV-1 and HSV-2 are 87% iden-
tical at the amino acid level, although the shutoff activity of
HSV-2 is significantly faster than that of HSV-1 (5, 6, 13). The
kinetics of vhs activity, however, do not correlate with viru-
lence, since replacement of the vhs from HSV-1 with the high-
er-activity vhs allele from HSV-2 fails to alter the virulence of
the HSV-1 recombinant (26). In addition, vhs from HSV-2 in
combination with ICP47 has been shown to block antigen pre-
sentation by class I major histocompatibility complex (MHC)
(33). It was therefore of interest to assess the contribution of
vhs to the pathogenesis of HSV-2.

In this study, two HSV-2 recombinants lacking vhs activity
were tested in ocular and genital models of infection in mice.
The data show that these viruses are attenuated and that vhs
represents an important determinant of HSV-2 pathogenesis.
In addition, we show that the presence of lacZ in the viral
genome can complicate interpretation of the phenotypes of
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HSV mutants. These data have implications for the design of
HSV recombinants and vaccines.

MATERIALS AND METHODS

Cells and viruses. African green monkey kidney (Vero) cells were maintained
at 5% CO2 in a humidified incubator at 37°C and propagated as described
previously (21). Growth and plaque assays of all viruses were carried out as
described previously (21). SB5, a plaque-purified stock of HSV-2 strain 333, was
obtained from the American Type Culture Collection (VR-2546). 333-vhsB was
a gift from Jim Smiley (University of Edmonton, Edmonton, Alberta, Canada).
It was constructed by disrupting the UL41 open reading frame (ORF) in HSV-2
strain 333 DNA by insertion of an expression cassette consisting of the HSV-1
ICP6 promoter driving the lacZ gene (11) into a BstX1 restriction site at codon
30 of the vhs ORF (33). Marker rescue to produce 333-vhsBR was accomplished
by cotransfecting p41SB5-B (a plasmid with a BglII genomic clone of HSV-2 333
containing UL41) and 333-vhsB infectious DNA. Progeny were screened by the
selection of white plaques and analyzed by Southern blotting for an appropriately
altered BamHI digestion pattern. Virus was plaque purified three times and
grown to a high-titered stock.

An internal XcmI fragment was excised from the vhs coding sequence in
p41SB5-B to construct pdl41SB5-B. This was cotransfected with infectious 333-
vhsB DNA to generate the virus 333d41. White plaque progeny were analyzed by
Southern blotting and grown to a high-titered stock as described above. Lipo-
fectamine (Life Technologies, catalog no. 18324–012; Rockville, Md.) was used
in all transfections with a modification of the procedure recommended by the
manufacturer. Briefly, 1 �g each of plasmid and infectious DNA in a volume of
100 �l of serum-free medium were mixed gently with 12 �l of Lipofectamine
reagent diluted in a volume of 100 �l of serum-free medium. After incubating at

room temperature for 30 min, 0.8 ml of serum-free medium was added to the
mixture and overlaid onto 60% confluent Vero cell monolayers in 35-mm tissue
culture plates rinsed with serum-free medium. After a 4-h incubation at 37°C in
a 5% CO2 incubator, 2 ml of medium containing 10% serum was added. The
incubation was continued for another 18 to 24 h, at which time the medium was
replaced with 3 ml of fresh medium containing 10% serum. Southern blot
analyses of viral DNA were performed as described previously (24), using ran-
dom primed 32P-labeled p41SB5-B.

Northern blot analysis and mRNA degradation assay. Total cytoplasmic RNA
was prepared from monolayer cultures of infected or mock-infected Vero cells as
described previously (23). Monolayer cultures of 5 � 105 to 5 � 106 cells were
mock infected or infected at a multiplicity of infection (MOI) of 20 with SB5,
333-vhsB, 333d41, or 333-vhsBR in the presence of 10 �g of actinomycin D per
ml. Mock-infected plates received Vero cell lysate only. Cytoplasmic RNAs were
harvested at 2, 4, and 6 h postinfection and analyzed for mRNA degradation by
Northern blot analysis, probing for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (9, 31). Filters were first probed for GAPDH, stripped, and then
reprobed for the 28S ribosomal subunit. Phosphoimages were scanned on a
Molecular Dynamics Storm 860 Phosphorimager and quantified. The level of
GAPDH for 28S-normalized mock-infected cells was set at 100% and compared
with the 28S-normalized GAPDH values of virus-infected cells.

Animal procedures. Replication in the corneas and trigeminal ganglia was
evaluated in CD-1 female mice (weight, 21 to 25 g; Charles River Breeding
Laboratories, Inc., Kingston, N.Y.). Mice were anesthetized intraperitoneally
with ketamine (87 mg/kg) and xylazine (13 mg/kg). Corneas were bilaterally
scarified with 10 interlocking strokes with a 25-gauge needle and inoculated with
5 �l of 2 � 106 PFU of virus per eye. Lids were massaged together briefly to
promote adsorption of virus. Eye swab material (17) and trigeminal ganglion
homogenates (26) were prepared as described previously and assayed for virus by

FIG. 1. Maps of vhs (UL41) ORF and viral mutants used in this study. (A) Prototypical arrangement of the HSV-1 genome, showing unique
long (UL) and unique short (US) segments flanked by internal (a�, b�, and c�) and terminal (a, b, and c) repeats. The direction of transcription for
UL41 is indicated by the arrow. (B) Expanded view of the UL41 region, showing selected restriction enzyme sites and the conserved sequence
domains among the vhs homologs (I to IV, black boxes) for HSV-2 SB5, a plaque-purified strain of 333, and the marker-rescued virus 333-vhsBR.
The BglII sites delineate the limits of the UL41 region within the plasmid p41SB5-B, used for transfections and as a probe in Southern blots.
(C) Map of the UL41 region for 333-vhsB, showing insertion of an ICP6 lacZ expression cassette into a BstXI restriction site of the UL41 ORF.
Hatched areas represent predicted out-of-frame regions for UL41. (D) Map of the UL41 region of an HSV-2 deletion virus, 333d41, showing an
XcmI 940-bp deletion within the UL41 ORF.
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standard plaque assay. For intracerebral infections, anesthetized mice received
20 �l of virus inoculation containing 5 � 102 PFU. At the indicated times
postinfection, brains were harvested, weighed, and stored in medium containing
3-mm glass beads at �80°C. Individual brains were homogenized and assayed for
virus on Vero cells as previously described (31). Reactivation of virus from
latency was examined by removing trigeminal ganglia 28 days postinfection as
previously described and assaying them for infectious virus on new Vero cell
monolayers (26). For lethality data, time to death was recorded.

Viral replication in the vagina and spinal cord was evaluated in 6-week-old
BALB/c female mice (National Cancer Institute, Frederick, Md.) Seven and one
days prior to infection, mice were injected subcutaneously in the scruff of the
neck with depoprovera (3 mg per mouse in a 100-�l volume). Mice were anes-
thetized with nembutal (70 mg/kg of body weight), swabbed intravaginally once
with a calcium alginate swab (Puritan, Guilford, Maine), and intravaginally
inoculated with 2 � 106 PFU of SB5 or 333-vhsB in a volume of 5 �l. The vaginal
mucosa was swabbed twice on day 2 after infection, and swabs were placed
together into 1 ml of phosphate-buffered saline. Spinal cords were dissected, and
the lower spinal cord was isolated and placed in assay medium containing glass
beads. Vaginal swabs and spinal cord homogenates were assayed for virus by
standard plaque assay.

RESULTS

Construction and comparison of UL41 mutants. Two
HSV-2 vhs null viruses were used in this study (Fig. 1). The
first, 333-vhsB (provided by Jim Smiley, University of Edmon-
ton), is a vhs null virus containing a lacZ expression cassette
driven by the HSV-1 ICP6 gene promoter inserted into con-
served domain I of UL41 (1). This virus was marker rescued
for this study to yield 333-vhsBR. The second vhs null virus,
333d41, was constructed in the present study by excising 939 bp
from the HSV-2 vhs ORF between two XcmI restriction en-
zyme sites at codons 95 and 405. This mutation removes part of
conserved domain II and all of domain III from vhs (1). South-
ern blot analysis probing with random-primed p41SB5-B
yielded the predicted BamHI fragments for the UL41 region
for each of the viruses in this study (Fig. 2): 11.9-, 7.4-, and
3.4-kb fragments for SB5 and 333-vhsBR (lanes 2 and 5, re-
spectively), 11.9-, 7.7-, and 7.4-kb fragments for 333-vhsB (lane
3), and 11.9-, 7.4-, and 2.4-kb fragments for 333d41 (lane 4).

Measurement of vhs activity. The vhs mutants 333 -vhsB and
333d41 were examined for their capacity to degrade GAPDH
in parallel with wild-type HSV-2 (SB5) and 333-vhsBR. Mono-
layer cultures of Vero cells were mock infected or infected at
an MOI of 20 with SB5, 333 -vhsB, 333d41, or 333-vhsBR in the
presence of actinomycin D (10 �g/ml) to evaluate degradation
of finite pools of RNA induced by preformed tegument-de-
rived vhs. In these assays the level of GAPDH for 28S-normal-
ized, mock-infected cells was set at 100% and compared with
the 28S-normalized GAPDH values of virus-infected cells. As
expected, the RNA degradation induced by 333-vhsB and
333d41 was minimal compared to that with the wild-type or
rescued viruses at all time points (Fig. 3A). RNA degradation
was readily detectable at 2 h postinfection, with SB5 and 333-
vhsBR degrading to 20% of mock-infected levels, and 333-vhsB
and 333d41 being almost 90% of mock-infected levels. At 6 h
postinfection GAPDH RNA was barely detectable in SB5- and
333-vhsBR-infected cells, while levels in 333-vhsB- and 333d41-
infected cells remained at approximately 90% of the level of
mock-infected cells. This graph represents the averaged per-
cent GAPDH degradation levels of two to four independent
experiments. A representative Northern blot showing the au-
toradiographic bands from GAPDH message and the 28S
rRNA loading control is shown in Fig. 3B. These data dem-
onstrate that 333-vhsB and 333d41 are phenotypically vhs null
viruses and confirm that GAPDH degradation is dependent on
an intact UL41 gene.

Replication in tissue culture. The growth kinetics of SB5,
333-vhsB, 333d41, and 333-vhsBR were examined in Vero cells
in a multistep growth curve. Consistent with previous observa-
tions, no differences were observed between the wild-type and
vhs null viruses (Fig. 4). Also consistent with previous findings
in HSV-1 vhs null viruses, 333-vhsB and 333d41 have small-
plaque phenotypes (data not shown).

Replication in mice. The growth of 333-vhsB and 333d41 was
examined in vivo in mouse corneas, trigeminal ganglia, vaginas,
spinal cords, and brains. Acute viral replication in the cornea
was analyzed on days 1 to 5 postinfection by corneal scarifica-
tion and infection with 2 � 106 PFU per eye (Fig. 5A). Similar
titers of 333-vhsB and 333d41 were found in the cornea but
were 5- to 100-fold lower than the titers of SB5 or 333-vhsBR

FIG. 2. Southern blot analysis of SB5, 333-vhsB, 333d41, and 333-
vhsBR, using p41SB5-B as a probe (see Fig. 1 for UL41 region delin-
eated by this plasmid). Positions of the fragments with the expected
sizes resulting from a BamHI digestion are indicated on the right (in
kilobases) and indicate that the UL41 region of each virus was as
predicted: 11.9-, 7.4-, and 3.4-kb fragments for SB5 and 333-vhsBR,
11.9-, 7.7-, and 7.4-kb fragments for 333-vhsB, and 11.9-, 7.4-, and
2.4-kb fragments for 333d41. Sizes of BstEII-digested bacteriophage
lambda DNA fragments are indicated on the left.

2056 SMITH ET AL. J. VIROL.



throughout the course of infection. The titers of 333-vhsB and
333d41 in trigeminal ganglia were significantly reduced com-
pared to wild-type and rescued viruses 3 days postinfection,
when peak titers are expected (Fig. 5B, P � 0.0001 for both by
Student’s t test).

Unexpectedly, especially since no significant difference in
peripheral replication was observed between 333-vhsB and
333d41, the growth of 333-vhsB in the trigeminal ganglia was
significantly reduced compared to 333d41 (Fig. 5B, P � 0.0007
by Student’s t test). To address the concern that the lower
replication in the nervous system of both mutant viruses was
due to slight replication differences in the periphery, intrace-
rebral injections were performed. Injection of 5 � 102 PFU per
brain was sublethal, allowing survival of the mice to times when
replication of the viruses could be measured easily. Replication
of both 333-vhsB and 333d41 was significantly (P � 0.0001)
compromised in brains relative to wild-type or marker-rescued

viruses on both days 2 and 4 (Fig. 6). These data show that as
for HSV-1, vhs of HSV-2 is critical for replication in the ner-
vous system.

Having shown that the vhs mutants were attenuated in the
ocular model, it was of interest to assess whether attenuation
would also be apparent in the genital model, a more physio-
logical route of infection for HSV-2. Acute replication of 333-
vhsB, 333d41, and SB5 in the vagina and spinal cord was
analyzed following intravaginal inoculation with 2 � 106 PFU.
On day 2 postinfection, vaginal replication of 333-vhsB and
333d41 was significantly reduced relative to the growth of SB5
(Fig. 7A, P � 0.0001 by Student’s t test). Likewise, a reduction
in titer for both 333-vhsB- and 333d41-infected mice relative to
SB5-infected mice was seen on day 4 postinfection in the lower
spinal cord (Fig. 7B, P � 0.0001 by Student’s t test). Correla-
tive with data in the cornea and trigeminal ganglia, no signif-
icant difference in vaginal replication was observed between

FIG. 3. RNA degradation assay by Northern blot analysis. Vero cells were mock infected or infected with SB5, 333-vhsB, 333d41, or 333-vhsBR

in the presence of actinomycin D (10 �g/ml), and cytoplasmic RNA was extracted. (A) Two independent experiments showing the average percent
GAPDH RNA remaining relative to that in 28S rRNA-normalized, mock-infected cells. (B) Autoradiographic images show a representative
Northern blot probed for GAPDH (top), and the same blot stripped and reprobed for the 28S ribosomal unit (bottom).
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333-vhsB and 333d41, but the growth of 333-vhsB in the spinal
cord was significantly reduced compared to that of 333d41 (P
� 0.05 by Student’s t test).

Collectively, these results demonstrate that HSV-2 vhs null
mutants exhibit significantly reduced viral growth in both the
mouse ocular and genital models. These results also suggest
differences in the in vivo phenotypes of 333-vhsB and 333d41.

Lethality and reactivation. Following peripheral infection in
mice, HSV-2 is highly neuroinvasive and neurovirulent. Using
peripheral infection via the ocular route, we addressed
whether vhs plays a role in neurovirulence in mice (Fig. 8,
Table 1). At an inoculum of 2 � 106 PFU, 333-vhsB was
significantly less neurovirulent than control viruses SB5 and

333-vhsBR (P � 0.0013 and P � 0.0001, respectively, Student’s
t test). 333d41 was also significantly less virulent than control
viruses (P � 0.0001 for both, Student’s t test) but was signifi-
cantly more virulent than 333-vhsB (P � 0.0039, Student’s t
test), consistent with its higher growth in trigeminal ganglia
and spinal cords. At an inoculum of 2 � 103 PFU, 333-vhsB
infection resulted in no lethality, while two of nine mice were
killed by 333d41. Although the difference between the vhs
mutants is not statistically significant at this dose (P � 0.1451,
Student’s t test), it follows the pattern of higher virulence for

FIG. 4. Multistep growth kinetics of SB5, 333-vhsB, 333d41, and
333-vhsBR in African green monkey kidney (Vero) cells at an MOI of
0.01. Each data point reflects the geometric mean PFU of virus per
milliliter of sample � standard error of the mean (SEM) of samples
from two independent experiments performed in duplicate. Limit of
detection, indicated by the dashed line, is 10 PFU/ml.

FIG. 5. Acute viral replication of SB5, 333-vhsB, 333d41, and 333-vhsBR in mouse corneas (A) and trigeminal ganglia (B). Mice were infected
via corneal scarification and inoculation with 2 � 106 PFU per eye. Each data point reflects the geometric mean PFU per milliliter of sample �
SEM of samples from at least two independent experiments. In total, data represent at least eight samples per virus per day. The limit of detection,
indicated by the dashed line, is 10 PFU/ml.

FIG. 6. Acute viral replication of SB5, 333-vhsB, 333d41, and 333-
vhsBR in mouse brain. Mice were infected intracerebrally with 5 � 102

PFU of virus. Each data point reflects the geometric mean PFU of
virus per brain � SEM from two independent experiments. In total,
data points represent at least four brains per virus per day. The limit
of detection, indicated by the dashed line, is 40 PFU/ml.
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333d41. At this lower dose, control viruses had similar lethality
(P � 0.5270, Student’s t test), killing greater than 90% of mice
(Fig. 8 and Table 1).

Reactivation frequencies from trigeminal ganglia were de-
termined by explant cocultivation performed on day 28 postin-
fection. 333-vhsB reactivated efficiently (37 of 42 ganglia, Table
1) at the 2 � 106 PFU dose, but it was not possible to assess
reactivation of 333d41 due to its high lethality. At 2 � 103 PFU
per eye, the reactivation of 333-vhsB was seven of eight gan-
glia, and for 333d41 it was eight of eight ganglia. All but one
wild-type-infected mouse and all rescued-virus-infected mice
died at this dose. These data indicate that HSV-2 vhs null
mutants are attenuated and, consistent with 333-vhsB reacti-
vation at the higher dose, that vhs is not required for reacti-
vation of HSV-2 from latently infected trigeminal ganglia.

These data also provide evidence that 333-vhsB and 333d41,
despite both being vhs null mutants, possess different neuro-
invasiveness and virulence phenotypes.

DISCUSSION

Previous work in our laboratory demonstrated a critical role
for vhs in the pathogenesis and latency of HSV-1 (26, 29–31).
HSV-1 vhs mutants grow poorly in mice, have a reduced ca-
pacity to establish and reactivate from latency, and are very
attenuated despite only minimal growth defects in cell culture.
These viruses are, however, highly immunogenic and are ef-
fective as prophylactic and therapeutic vaccines in mice (10, 34,
35). Although the HSV-2 vhs null mutants tested in this study
were significantly attenuated relative to wild-type and marker-

FIG. 7. Acute viral replication of SB5 and 333-vhsB in mouse vaginas (A) and spinal cords (B). Mice were infected by intravaginal inoculation
with 2 � 106 PFU of virus. Each data point reflects the geometric mean PFU of virus per milliliter of sample � SEM of samples from at least two
independent experiments. In total, data represent at least seven mice per virus per day. The limit of detection, indicated by the dashed line, is 3
PFU/ml.

FIG. 8. Survival of mice after corneal scarification and inoculation with 2 � 106 (A) or 2 � 103 (B) PFU per eye with SB5, 333-vhsB, 333d41,
or 333-vhsBR. Total numbers of mice used over two independent experiments for each virus-infected group are shown in parentheses.
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rescued viruses, the impact of vhs deletion was less profound
on the in vivo phenotype of HSV-2 than on that of of HSV-1.
This relative lack of attenuation was observed regardless of
whether the viruses were tested by the ocular route or the
genital route, which is more appropriate for testing with
HSV-2. In particular, 333d41 remained capable of significant
growth in the nervous system and of causing lethal infection.
This is not surprising, given the higher virulence of wild-type
HSV-2 compared to HSV-1. Any evaluation of the utility of
HSV-2 vhs deletion as a component of live-attenuated vaccines
will therefore have to be performed in the context of replica-
tion-defective viruses, such as a virus lacking ICP8 (10, 19).

The mortality induced by 333-vhsB following peripheral in-
fection and its replication within the trigeminal ganglia and
spinal cords were significantly reduced compared to 333d41.
We confirmed that this difference was not due to a secondary
mutation by performing marker rescue to give 333-vhsBR,
whose phenotype was indistinguishable from that of wild-type
virus. Such differences were not observed following intracere-
bral inoculations, although we deliberately used low inocula in
these experiments to allow the mice to survive long enough to
measure viral replication out to 4 days postinfection. Inocula-
tions at higher doses would likely recapitulate the higher vir-
ulence and growth of 333d41 seen in other experiments, and
such work is in progress.

Such experiments notwithstanding, these data underscore
the role of vhs for promoting HSV growth in the nervous
system. Recent studies have shown that insertion of a lacZ
cassette can contribute to phenotypic changes in vivo (2, 28).
These previous studies both used a human cytomegalovirus
immediate-early promoter to drive expression of lacZ, and a
strongly inducible promoter, ICP6 from HSV, drives lacZ ex-
pression in 333-vhsB (11). It is possible, therefore, that alter-
ations in regional transcription and genome stability result
from the insertion of these lacZ cassettes. It should also be
noted that 333d41 might differ from 333-vhsB in expression of
the undeleted portions of its vhs gene. If vhs has other func-
tions in addition to RNA destabilization, this may be especially
important. Alternatively, although less likely, lacZ may be act-
ing as an immunogen to enhance clearance of the virus. Either
way, these data suggest that in vivo phenotypes resulting from
mutants containing a lacZ expression cassette should be inter-
preted with caution.

An important conclusion from the current study is that vhs is
dispensable for reactivation. Reactivation of the vhs null mu-
tants was close to 100%, even following inoculation with as
little as 2 � 103 PFU per eye. Furthermore, efficient reactiva-

tion occurred despite reduced growth of the HSV-2 null mu-
tants in the cornea and trigeminal ganglion. HSV-1 vhs null
mutants, however, have a greatly reduced (up to 10,000-fold)
ability to replicate in the nervous system and to establish and
reactivate from latency compared to wild-type virus (30, 31).
These previously published data used 5-day explant cocultiva-
tion assays, which are a qualitative rather than quantitative
measure of reactivation. Recent experiments from our labora-
tory have used limiting dilutions of latently infected dissociated
ganglia and daily sampling of supernatants out to 12 days. This
method is both more sensitive and quantitative than those
employed in previous studies and has shown that vhs activity is
also dispensable for the reactivation of HSV-1 from explanted
trigeminal ganglia (T. K. VanHeyningen and S. S. Strand,
unpublished data).

The strong and exclusive conservation of vhs among the
herpesviruses that establish latency in neurons implicates a
requirement for the vhs protein in neuropathogenesis.
Whether this requirement is at the level of promoting the
establishment of latency, immune evasion (33), or a combina-
tion of both is unknown. It is also possible that vhs has func-
tions in addition to destabilization of RNA that may impact
upon the interactions between HSV and the nervous system,
and the search for such functions is ongoing in our laboratory.
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