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A Defective HSV-1 Vector Expresses Escherichia
coli B-Galactosidase in Cultured Peripheral Neurons

ALFRED 1. GELLER* AND XANDRA O. BREAKEFIELD

A defective herpes simplex virus 1 (HSV-1) vector, pHSVlac, has been developed that
contains a transcription unit that places the Escherichia coli lacZ gene under the control
of the HSV-1 immediate early 4/5 promoter. The vector pHSVlac was propagated with
the HSV-1 temperature-sensitive mutant ts K as helper virus. Infection of neurons
from rat superior cervical ganglia and dorsal root ganglia in primary culture resulted in
stable expression of high levels of B-galactosidase without cell death. These HSV-1
vectors should be useful for introducing genes into postmitotic cells, such as neurons,

in vitro and in vivo.

ETHODS OF DELIVERING GENES
into the cells of the nervous sys-
tem are required before the func-

tions of cloned neuronal genes may be stud-
ied. Of the four approaches used to intro-
duce genes into cells [the frog oocyte micro-
injection system (1), transgenic mice (2),
transfection of DNA directly into cells (3),
and retrovirus vectors (4)], none can deliver
a gene directly into nonmitotic cells. Here
we report that pHSVlac, a defective HSV-1
vector that expresses the Escherichia coli lacZ
gene from the HSV-1 immediate early (IE)
4/5 promoter, can infect peripheral neurons
in primary culture and stably express high
levels of B-galactosidase.

HSV-1 has great promise as a virus vector
system (5). It has a wide host range; HSV-1
infects many cell types in mammals and
birds (6). In addition, HSV-1 infects post-
mitotic neurons in adult animals and can be
maintained indefinitely in a latent state (7).
Latent HSV-1 is quiescent: HSV-1 gene
expression is limited at most to the IE genes
and a latency-associated transcript (8), DNA
replication does not occur (7), and no prog-
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eny virus are produced (7). Electrophysio-
logical properties are unaltered in latently
infected neurons (9).

In virions, HSV-1 vectors are composed
of head-to-tail repeats (10). The repeats are
5 to 15 kb in size, for up to 150 kb, which is
the size of the HSV-1 genome. The vectors
are maintained because of their growth ad-
vantage over the helper virus; HSV-1 con-
tains three origins of DNA replication (ori),
or one ori every 50 kb, whereas a vector
contains one ori every 5 to 15 kb (10).

HSV-1 vectors have been propagated in a
virus stock with wild-type HSV-1 as helper
virus (10). The wild-type HSV-1 in the virus
stock invariably causes cell death. However,
intracerebral injection (11) and infection of
mouse neuroblastoma cells (12) with HSV-
1 temperature-sensitive (ts) mutants allow
persistence of the virus without cell death.
We obtained HSV-1 vectors that can infect
cells without causing cell death by using ts
mutants of HSV-1 as helper virus (13). At
the restrictive temperature of 37° or 39°C
the ts mutations block the lytic cycle and
thereby prevent cell damage. Virus is grown
at the permissive temperature of 31°C.

The 8.1-kb defective HSV-1 vector,
pHSVlac, is shown in Fig. 1. The vector
pHSVlac contains three kinds of genetic
clements: (i) sequences that allow propaga-
tion of pHSVlac in E. coli (the ampicillin
resistance gene and the col El ori); (ii)
sequences from HSV-1 that support propa-
gation of pHSVlac in an HSV-1 virus stock
[the HSV-1 oris, an HSV-1 ori (14), and the
HSV-1 “a” sequence, the packaging site

(15)]; and (iii) a transcription unit. The
components of the transcription unit are the
HSV-1 IE 4/5 promoter (14), the interven-
ing sequence following that promoter, the
E. coli lacZ gene (16), and the SV40 early
region polyadenylation site (16). The E. coli
lacZ gene encodes a B-galactosidase absent
from mammalian cells, thereby providing an
assay for expression of the transcription unit
in pHSVlac (17). pHSVlac DNA was pack-
aged into HSV-1 virus particles, with HSV-
1 strain 17 ts K (18) as helper virus. ts K has
a mutation in the IE 3 gene, has an immedi-
ate early phenotype, and is not permissive
for DNA replication.

To determine if pHSVlac virus stock
could infect neurons and express B-galacto-
sidase, we prepared primary cultures of dis-
sociated neurons (19) from dorsal root gan-
glia and superior cervical ganglia of new-
born rats. Cultures were infected with
pHSVlac virus stock, then incubated for 24
hours at 37°C, fixed, and assayed for B-
galactosidase activity in situ (17) by using
the chromogenic substrate 5-bromo-4-
chloro-3-indolyl B-p-galactoside (X-gal). At
a multiplicity of infection (MOI) of 0.1 to
0.4 of pHSVlac about 38% of the cells in
the cultures of dorsal root ganglia (Fig. 2, A
to C) and 11% of the cells in the cultures of
superior cervical ganglia (Fig. 2, D to F)
were B-galactosidase—positive. Experiments
performed at higher ratios of pHSVlac virus
to cells (MOI 2) resulted in expression of B-
galactosidase in virtually every cell. Cultures
infected with ts K alone or mock-infected
cultures contained less than 0.2% B-galacto-
sidase—positive cells.

Most of the B-galactosidase—positive cells
shown in Fig. 2 have the morphological
characteristics of neurons. However, B-ga-
lactosidase—positive cells that resembled glia
were also observed. To determine whether -
some of the B-galactosidase—positive cells
were indeed neurons, we performed an ex-

HSV-1

packaging
\ site

SvV40
poly A

HSV-1 Y
lacZ

Fig. 1. The structure of pHSVlac. The clear
region contains the HSV-1 a segment, nucleo-
tides 127 to 1132, the packaging site (15). The
crosshatched region symbolizes the HSV-1 ¢ re-
gion, nucleotides 47 to 1066 (14). pHSVlac was
constructed (13) from pCH110 (16).
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periment to find out whether B-galacto-
sidase and a neuronal marker were present in
the same cell. Primary cultures of dorsal root
ganglia (19) were infected with pHSVlac
virus stock, incubated for 24 hours at 37°C,
fixed, and treated with a rabbit antiserum to
B-galactosidase and a mouse monoclonal
antibody to one of two neuronal markers,
cither the A2B5 antigen (20) or the 150-
and 180-kD subunits of neurofilament (21).
B-Galactosidase—like immunoreactivity (B-
gal-IR) was visualized with a rhodamine-
conjugated goat antibody to rabbit immu-
noglobulin G, and A2B5 or neurofilament-
like immunoreactivity (A2B5-IR or Nf-IR)
was visualized with a fluorescein-conjugated
goat antibody to mouse immunoglobulin G.
Many of the same cells with neuronal mor-
phology contained both A2B5-IR and B-
gal-IR (Fig. 3, A to C) or Nf-IR and B-gal-
IR (Fig. 3, D to F). Parallel cultures treated
with preimmune primary sera contained
background levels of fluorescein and rhoda-
mine epifluorescence (Fig. 3, G to F). Paral-
lel cultures treated with antibodies against
cither of the neuronal markers and rabbit
preimmune serum followed by the fluores-
cent-conjugated antibodies contained either
A2B5-IR or Nf-IR but no g-gal-IR. Cul-
tures infected with ts K alone, or mock-
infected, and treated with antibodies against
either neuronal marker and B-galactosidase
contained either A2B5-IR or Nf-IR but no
B-gal-IR. Thus, pHSVlac can infect rat sen-
sory neurons and subsequently express B-
galactosidase.

We also investigated the persistence of
pHSVIac DNA and stability of expression of
B-galactosidase in cultured sensory neurons.
Cultures of dorsal root ganglia (19) were
infected with pHSVlac virus stock; after a 2-
week incubation at 37°C, 49% of the cells
(Fig. 4, A to C) were B-galactosidase—posi-
tive as assayed with X-gal (17); most of these
cells had neuronal morphology. Cultures
infected with ts K alone or mock-infected
contained less than 0.2% PB-galactosidase—
positive cells. The B-galactosidase—positive
cells could result from either stable persis-
tence of pHSVlac in the same cell for 2
weeks or horizontal transmission of
pHSVlac. If horizontal transmission oc-
curred at a significant rate, then all the cells
would contain pHSVIac DNA and express
B-galactosidase, and both ts K virus and
pHSVlac virus would be present in the
culture medium. In contrast, 51% of the
cells are B-galactosidase—negative (Fig. 4, A
to C) 2 weeks after infection. Furthermore,
2 weeks after infection the amount of virus
in the culture medium was less than ten
plaque-forming units (PFU) of ts K per
milliliter and less than ten infectious parti-
cles of pHSVlac per milliliter, below our
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Fig. 2. Expression of B-ga-
lactosidase from pHSVlac in
cells from dorsal root gan-
glia (A to C) and superior
cervical ganglia (D to F) in
primary culture. Virus stock
containing pHSVlac was
prepared (13) with HSV-1
strain 17 ts K (18) as helper
virus. The titer of the virus
stock was 1 x 10° plaque-
forming units (PFU) of ts K
per milliter and 8 X 10° in-
fectious  particles of
pHSVlac per milliter. Dis-
sociated cell cultures (19)
were prepared from new-
born rat dorsal root ganglia
or superior cervical ganglia
and treated for 24 hours
with 107°M cytosine arabi-
noside. After 10 days in vi-
tro, the cultures contained 3
to 8 x 10° cells per 35-mm
plate; cultures were then in-
fected with 0.1 ml of
pHSVlac virus stock and in-
cubated for 24 hours at
37°C. Cells were fixed with 0.5% glutaraldehyde and stained for B-galactosidase activity with X-gal
(17). The width of the photomicrograph represents 230 wm.

Fig. 3. Inmunofluorescent colocalization of B-gal-IR and cither A2B5-IR or Nf-IR in cultured sensory
neurons infected with pHSVlac. pHSVlac virus stock and cultures of dorsal root ganglia were prepared
as described in Fig. 2 except that cultures were prepared on 13-mm glass cover slips coated with 0.8 pg
of laminin. Cultures (5 x 10* cells in 0.5 ml) were infected with 0.1 ml of pHSVlac virus stock and
incubated for 24 hours at 37°C. Fixation with 4% paraformaldehyde in 0.1M NaPO, (pH 7.0) and
immunohistochemistry were done (25) with a rabbit antibody to E. coli B-galactosidase (Cooper
Biomedical, Malvern, Pennsylvania) diluted 1:800 and either mouse monoclonal to rat neurofilament
(21) (SMI 33, Sternberger-Meyer) diluted 1: 800 or mouse monoclonal A2B5 (20) supernatant diluted
1:2 as primary antibodies. Fluorescein isothiocyanate—conjugated goat F(ab'), (fragment-antigen)
antibody to mouse F(ab'), (Cooper Biomedical) diluted 1:200 and rhodamine isothiocyanate—
conjugated goat F(ab'), antibody to rabbit F(ab'), diluted 1:250 (Cooper Biomedical) were used as
secondary antibodies. Cover slips were mounted in phosphate-buffered saline and glycerol (1:1)
containing 0.4% n-propyl gallate. The width of the photomicrograph represents 438 pm. (A) A2B5-
IR. (B) B-Gal-IR. (C) Phase-contrast photomicrograph of the same field. (D) Nf-IR. (E) B-Gal-IR. (F)
Phase-contrast photomicrograph of the same field. (G) Preimmune mouse serum, fluorescein isothio-
cyanate—conjugated second antibody. (H) Preimmune rabbit serum, rhodamine isothiocyanate—
conjugated second antibody. (I) Phase-contrast photomicrograph of the same field.
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Fig. 4. Stable expression of B-galactosidase (A to C) and persistence of pHSVlac DNA (D) in cultured
sensory neurons for 2 weeks. Cultures (19) of dorsal root ganglia (9 X 10* cells in 1.5 ml) were infected
with 0.05 ml pHSVlac virus stock and incubated for 2 weeks at 37°C. Cultures were assayed for B-
galactosidase activity as described in Fig. 2. Alternatively, cultures were infected with 5 x 10° PFU of ts
K (18) and incubated for 2 days at 31°C. The resulting virus stock was passaged three times on 2 x 10°
CV1 monkey fibroblasts at 31°C to yield virus stocks DRG1 and DRG2. CV1 cells (1 x 107) were
infected with 5 x 107 PFU of virus stock (DRG1, DRG2, ts K alone, or mock-infected) and incubated
at 31°C for 24 hours. Total cellular DNA (5 ug) was prepared (23) or 2 X 10™* ug of pHSVIac DNA
isolated from E. coli (Stds) was digested with Eco RI, resolved on 0.7% agarose gels, and transferred to
Genetran (Plasco) (24). Hybridization was performed with the 5.9-kb Eco RI fragment from the
plasmid pCH110 (16) radiolabeled with P (26). This 5.9-kb fragment contains pBR sequences and
most of the lacZ gene, lacking only 133 bp at the 3’ end (16). pHSVlac contains three Eco Rl sites (13),
one at each end of the pBR segment and a third in the lacZ gene 133 bp from the 3’ end of the gene.
The 4.3-kb band contains most of the transcription unit in pHSVlac, and the 2.3-kb band contains the
pBR sequences. The 1.5-kb fragment of pHSVlac contains the 3’ end of the lacZ gene, the SV40 early
region polyadenylation site, and the a sequence; it is not homologous to the probe.

level of detection. We conclude that the rate
of horizontal transmission of pHSVlac is
very low.

Next, an experiment was performed to
show that pHSVIac DNA is present in cells
2 weeks after infection. Superinfection of a
latently infected neuron results in a lytic
infection; both the latent and superinfecting
genomes are present in the progeny virus
(22). Two weeks after infection with
pHSVlac, cultures were infected with ts K
alone and incubated for 2 days at 31°C to
recover pHSVIac DNA in an HSV-1 virus
stock. DNA isolated from the virus stocks
(23) was digested with the restriction endo-
nuclease Eco RI and subjected to DNA blot
analysis (24) with a probe homologous to
pHSVlac (Fig. 4D). The structure of
pHSVIac DNA that persisted in sensory
neurons for 2 weeks (lanes DRG1 and
DRG2) is similar to the structure of
pHSVlac DNA isolated from E. coli (Stds).
The pHSVIac DNA is absent from a virus
stock of ts K alone (ts K) and from mock-
infected cells (Mock). One to 10% of PC12
cells were B-galactosidase—positive 24 hours
after infection with virus stocks of pHSVlac
recovered from neurons 2 weeks after infec-
tion. Thus, pHSVlac DNA can persist, unal-
tered, in sensory neurons for at least 2 weeks
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and stably express B-galactosidase from the
HSV-1 IE 4/5 promoter (8).

The vector pHSVlac can be used to stably
transfect postmitotic cells such as neurons
and to stably express B-galactosidase. The E.
coli lacZ gene in pHSVlac can be exchanged
for other coding sequences. With our vec-
tor, it is now possible to introduce genes
with products that affect physiology into
neurons, including components of second
messenger systems and neurotransmitter
metabolism. Finally, HSV-1 vectors may be
useful for gene therapy for neuronal diseases
or for experimental modification of neuro-
nal physiology.
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