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Helper virus-free HSV-1 vectors packaged both
in the presence of VSV G protein and in the absence
of HSV-1 glycoprotein B support gene transfer
into neurons in the rat striatum
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Herpes simplex virus (HSV-1) vectors have potential for gene transfer into qui-
escent cells, but the gene transfer process could be more ef�cient. In other
vector systems, both the titers and the ef�ciency of gene transfer have been
enhanced by pseudotyping the vector particles with vesicular stomatitis virus
(VSV) G protein. In this report, we pseudotyped helper virus-free HSV-1 plas-
mid vectors with VSV G protein. Packaging was performed in the presence
of both VSV G protein and a deletion in an essential HSV-1 glycoprotein, gB.
The resulting vector stocks supported gene transfer into both �broblast and
neuronal cell lines. VSV G protein was required for gene transfer because
preincubation of these vector stocks with antibodies directed against either
VSV G protein or VSV reduced the titer to undetectable levels. Although the
titers were lower than those obtained using the unmodi�ed vector system, the
titers were not increased by use of chimeric proteins that contain the extra-
cellular domain of VSV G protein and the transmembrane and/or cytoplasmic
domains of speci�c HSV-1 glycoproteins. Also, the titers were not increased by
performing the packaging in the presence of deletions in multiple HSV-1 gly-
coproteins. Nonetheless, pHSVlac pseudotyped with VSV G protein supported
gene transfer into striatal neurons in the rat brain. Thus, HSV-1 vectors pseu-
dotyped with VSV G protein may be useful for speci�c gene transfer studies.
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Introduction

Herpes simplex virus type 1 (HSV-1) vectors have po-
tential for gene transfer into neurons and other qui-
escent or postmitotic cells (Geller and Breake�eld,
1988). The use of HSV-1 vectors has been com-
plicated by the cytopathic effects and the in-
�ammatory response associated with gene trans-
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fer. These side effects are principally caused by
HSV-1 gene expression (Johnson et al, 1992a, 1992b,
1994; Wood et al, 1994). Therefore, we developed
a helper virus-free packaging system for HSV-1
plasmid vectors (Fraefel et al, 1996). Upon injec-
tion into the rat brain, helper virus-free vector
stocks produce substantially less cytopathic effects
and in�ammatory response than previously observed
using helper virus systems (Fraefel et al, 1996).
Nonetheless, higher titers and more ef�cient gene
transfer would enhance the utility of these HSV-1
vectors.

The titers and gene transfer ef�ciency of both
classical retrovirus vectors and lentivirus vectors
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have been signi�cantly enhanced by pseudotyping
these vectors with vesicular stomatitis virus (VSV) G
protein (Burns et al, 1993; Naldini et al, 1996). In
contrast, HSV-1 vectors have relied upon the mech-
anism that the virus uses to enter cells. An HSV-1
particle contains 11 glycoproteins, of which 5 are es-
sential, and the infection process is complex and in-
volves a number of these glycoproteins (Roizman and
Sears, 1993). Thus, pseudotyping helper virus-free
HSV-1 vectors with VSV G protein might simplify
the mechanism of gene transfer and thereby enhance
the titers and/or the ef�ciency of gene transfer.

We now show that HSV-1 vectors packaged in the
presence of both VSV G protein and a deletion in an
essential HSV-1 glycoprotein (gB) can support gene
transfer into either cultured cells or neurons in the rat
striatum. The ef�ciency of gene transfer in the stria-
tum appears to be higher than that observed using un-
modi�ed HSV-1 vectors. VSV G protein pseudotyped
HSV-1 vectors may be useful in gene transfer experi-
ments, particularly if the titers can be improved.

Results and discussion

Pseudotyping HSV-1 vector particles with VSV G pro-
tein may make the gene transfer process more ef�-
cient. To enable detection of gene transfer events me-
diated by any VSV G protein that might be present in
HSV-1 vector particles, we must �rst block infection
by HSV-1 glycoproteins. Thus, we performed pack-
aging in the presence of VSV G protein and in the
absence of an HSV-1 glycoprotein required for the in-
fection process. We characterized the resulting vec-
tor stocks, and then used these vector stocks for gene
transfer into the rat brain.

To block infection by HSV-1 glycoproteins, we iso-
lated a cosmid that contains a deletion in an essential
glycoprotein, gB (Roizman and Sears, 1993). No de-
tectable titer was obtained from pHSVlac that was
packaged in the presence of a deletion in HSV-1 gB
(Table 1). However, the titers obtained from packag-
ing pHSVlac in the presence of both this deletion in
gB and a plasmid that contains the gB gene were sim-
ilar to the titers obtained from the unmodi�ed pack-
aging system.

Next, to pseudotype HSV-1 vector particles with
VSV G protein, we packaged pHSVlac in the pres-
ence of both the deletion in gB and a plasmid that
expresses VSV G protein. These vector stocks con-
tained biologically active vector particles (infectious
vector particles (IVP); Table 1), suggesting that VSV
G protein was incorporated into the vector particles
and could mediate gene transfer. However, the titers
were �1000-fold lower than those obtained from the
unmodi�ed packaging system. In a study on pseudo-
typing recombinant HSV-1 vectors with VSV G pro-
tein, only a 50-fold reduction in the titer was ob-
served (Anderson et al, 2000); this difference could
re�ect the use of a mutated gD rather than gB, differ-

Table 1 The titers obtained from packaging pHSVlac in the pres-
ence of VSV G protein or chimeras of VSV G protein and HSV-1
glycoproteins

aTiter, IVP/ml
Packaging condition BHK cells PC12 cells

wt 2.1 £ 106

1gB <20
1gB, pUC18gB 1.3 £ 106

1gB, pXMG 9.1 £ 102 7.2 £ 102

1gB, pXMGgB3G 30 <20
1gB, pXMGgDG 30 <20
1gB, pXMGgDgD 30 <20
1gB, pXMGtmgB <20 <20
1gB, pXMGGgB <20 <20
1gB, pXMGGgD 30 <20
1gB, 1gC <20
1gB, 1gC, pXMG 170
1gB, 1gC, pXMGgB3G <20
1gB, 1gC, pXMGGgB 30
1gB, 1gD <20
1gB, 1gD, pXMG 200
1gB, 1gD, pXMGDG <20
1gB, 1gD, pXMGgDgD 60
1gB, 1gC, 1gD <20
1gB, 1gC, 1gD, pXMG <20
1gB, 1gC, 1gG,J,D,I,E <20
1gB, 1gC, 1gG,J,D,I,E, pXMG <20

aThe units of the titers are infectious vector particles (IVP)/ml.
pHSVlac was packaged using the indicated conditions. BHK cells
were infected with 50 ¹l of the resulting vector stocks. One day
later, the number of cells expressing ¯-galactosidase was deter-
mined using X-gal. Each value is the average from 2 packagings.

ences in the packaging procedures, or differences in
the titering assays. To compare the numbers of vector
genomes to the biological titer, we performed PCR on
DNA extracted from puri�ed stocks of pHSVlac that
had been packaged either under standard conditions
or in the absence of gB and presence of VSV G pro-
tein (Figure 1). The physical titer (vector genomes)
and the biological titer (IVP) were similar for each
vector stock (Table 2).

To directly show that gene transfer required the ac-
tivity of VSV G protein, we preincubated these vector
stocks with antibodies directed against either VSV
G protein or VSV virus, and antibody-vector parti-
cle complexes were removed by centrifugation. Us-
ing vector stocks packaged in the presence of VSV G
protein, this treatment reduced the titers below de-
tectable levels (Table 3). In contrast, this treatment
had minimal effect on the titers of vector stocks pre-
pared using standard conditions.

One possible explanation for the low titers is that
VSV G protein might not be ef�ciently incorporated
into the vector particles either because VSV G protein
is targeted predominately to the plasma membrane
(Odell et al, 1997), whereas HSV-1 particles are ini-
tially assembled at the nuclear membrane (Roizman
and Sears, 1993) or because the available VSV G pro-
tein at the nuclear membrane may not be ef�ciently
incorporated into vector particles. We have previ-
ously reported chimeric proteins that contain the
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Figure 1 Detection of Lac Z sequences in samples isolated from
pHSVlac packaged either under standard conditions or in the ab-
sence of gB and the presence of VSV G protein. The linear range
for PCR was identi�ed by analyzing 3-fold serial dilutions of each
DNA sample and the standard DNA. The standard was linearized
pNFHlac plasmid (one BamH I site) and added to a sample ob-
tained from a stock of pTH-NFHpkc1. The amount of DNA in each
sample was determined by comparing the signals produced using
the dilutions to those produced using the dilutions of the standard.
The predicted size of the PCR products is 583 bp. Lanes: plasmid,
pNFHlac plasmid DNA standard; S, bacteriophage ¸ BstE II size
standards; wt, pHSVlac packaged using standard conditions; N,
no DNA; VSV G, pHSVlac packaged in the absence of gB and the
presence of VSV G protein; U, undiluted; 1, 2, and 3 indicate 3-, 9-,
and 27-fold dilutions, respectively. The lane of standard undiluted
(plasmid, U) represents the signal from 7.3 £ 10¡8 ¹g of pNFHlac,
which corresponds to 6.7 £ 103 molecules of pNFHlac (10.2 kb).

extracellular, fusion domain of VSV G protein and
the transmembrane and/or cytoplasmic domains of
speci�c HSV-1 glycoproteins. Cells transfected with
plasmids that encode these chimeric proteins exhibit
cell–cell fusion (Odell et al, 1997), and at least one
of these chimeric proteins is targeted to the nuclear
membrane (Gilbert et al, 1994). Thus, we performed
packaging in the presence of both the deletion in
gB and these chimeric proteins. The resulting vec-
tor stocks exhibited very low, or no detectable, titers
(Table 1). We considered the possibility that speci�c
chimeric proteins might be incorporated into vector
particles but cannot support gene transfer. Cells that
contain speci�c chimeric proteins exhibit cell–cell
fusion at low pH (Odell et al, 1997). Thus, we per-
formed the infection for titering at low pH; however,
this procedure did not increase the titers (not shown).

We reasoned that perhaps the low titers were due to
either competition between VSV G protein and HSV-1
glycoproteins for incorporation into vector particles

Table 2 The physical and biological titers of pHSVlac stocks that
were prepared either in the presence of VSV G protein or under
standard conditions

Titers

Packaging condition aIVP/ml bVG/ml

wt 1.0 £ 108 8.8 £ 107

1gB, pXMG 1.0 £ 105 5.6 £ 104

aInfectious vector particles/ml.
bVector genomes/ml.
pHSVlac was packaged using the indicated conditions. Puri�ed
vector stocks were used to determine the biological titer and the
physical titer.

Table 3 The titers obtained after incubating vector stocks in the
presence of antibodies directed against either VSV G protein or
VSV

Packaging condition Antibody aTiter, IVP/ml

wt None 1.4 £ 105

1gB, pXMG None 4.0 £ 104

wt anti-G protein 3.1 £ 104

1gB, pXMG anti-G protein <100
wt anti-VSV 4.9 £ 104

1gB, pXMG anti-VSV <100

aThe units of the titers are infectious vector particles (IVP)/ml.
pHSVlac was packaged either under standard conditions or in the
presenceof VSV G protein, and the resulting vector stocks were pu-
ri�ed (Lim et al, 1996). Aliquots of the puri�ed vector stocks were
incubated with antibodies directed against either VSV G protein
or VSV (Ghosh and Ghosh, 1999; Wanas et al, 1999). The resulting
antibody-vector particle complexes were removed by centrifuga-
tion, and the supernatants were titered on BHK cells. Each value is
the average of 2 independent immunoprecipitations and titerings,
and the experiment was repeated 2 times with similar results.

or the chimeras may be incorporated into virions but
may not be fusogenic due to interactions with speci�c
HSV-1 glycoproteins (Ghosh and Ghosh, 1999). Thus,
packaging in the absence of multiple HSV-1 glycopro-
teins might increase the titers. We isolated cosmids
that harbor deletions in gC, gD, or 5 glycoproteins
(gG, gJ, gD, gI, gE). We packaged pHSVlac in the pres-
ence of deletions in two, three, or seven glycoproteins
and either VSV G protein or speci�c chimeric pro-
teins. However, the titers obtained using VSV G pro-
tein were reduced compared to those obtained from
packaging in the presence of only a deletion in gB
(Table 1). Moreover, using speci�c chimeric proteins,
we still obtained only very low, or no detectable,
titers. Similarly, using recombinant HSV-1 vectors,
Glorioso and coworkers recently reported that VSV G
protein and speci�c chimeric proteins can be incor-
porated into HSV-1 particles, but only VSV G protein
supports HSV-1 infection (Anderson et al, 2000).

We investigated whether pHSVlac packaged in the
presence of a deletion in gB and VSV G protein can
support gene transfer into neuronal cells. In an ini-
tial experiment, we found that these vector stocks
could support expression in PC12 cells (Table 1), a
neuronal cell line. One of these vector stocks was mi-
croinjected into the striatum, and the rats were sacri-
�ced at 4 days after gene transfer. X-gal-positive cells
were observed, and some of these cells displayed neu-
ronal morphology (Figure 2). To directly demonstrate
that some of these transfected cells were neurons,
we performed double staining using antibodies di-
rected against either E. coli ¯-galactosidase or a neu-
ronal marker, NeuN (Mullen et al, 1992). We observed
some striatal cells that were positive for both markers
(Figure 3). Of 102 ¯-galactosidase-immunoreactivity
(IR)-positive cells that were examined, 80 contained
NeuN-IR (78%).

Cell counts revealed an average of 287 X-gal
positive cells/rat (n D 4 rats); thus, the ef�ciency
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Figure 2 X-gal-positive cells from rats sacri�ced at 4 days after
microinjection into the striatum of pHSVlac packaged in the pres-
ence of VSV G protein. (A) A large X-gal-positive area is visible
in a low power view of the striatum. (B and C) High power views
show individual cell bodies. The arrows indicate X-gal-positive
cell bodies. Scale bars: (A) 25 ¹m; (B and C) 25 ¹m.

of gene transfer was 47% (each rat received 600
IVP pHSVlac). In contrast, using pHSVlac pack-
aged with the unmodi�ed vector system, the ef�-
ciency of gene transfer was 14% (average of 30 X-gal-
positive cells/rat, n D 2 rats; each rat received 216 IVP
pHSVlac). The difference in the average number of
X-gal cells obtained using vectors packaged in the
presence of VSV G protein or under standard condi-
tions was signi�cant (P < 0:01, t-test). In a previous
study with pHSVlac, the ef�ciency of gene transfer
was ·5%; however, this study used higher titers and
there may be concentration-dependent differences in
the ef�ciency of gene transfer, such as infection of the
same cells by multiple vector particles. These results
suggest that VSV G protein-pseudotyped HSV-1 vec-
tors enhance the ef�ciency of gene transfer. Correl-
atively, VSV G protein may be more stable than the

Figure 3 Some ¯-galactosidase-IR-positive cells also contain
NeuN-IR from rats sacri�ced at 4 days after microinjection
of pHSVlac packaged in the presence of VSV G protein.
(A) ¯-galactosidase-IR was detected with a rabbit anti-E. coli ¯-
galactosidase antibody that was visualized using a �uorescein
isothiocyanate-conjugated goat anti-rabbit IgG. (B) NeuN-IR was
detected in the same sections with a mouse monoclonalanti-NeuN
antibody that was visualized using a rhodamine isothiocyanate-
conjugated goat anti-mouse IgG. NeuN is a neuronal marker found
in the nucleus (Mullen et al, 1992). (C) A double exposure shows
¯-galactosidase-IR proximal to NeuN-IR. The �lled arrows point
to 4 cells that contain both ¯-galactosidase-IR and NeuN-IR, and
the empty arrow points to one ¯-galactosidase-IR area that lacks
NeuN-IR. Scale bar: 25 ¹m.

complex of HSV-1 glycoproteins that mediate gene
transfer.

Thus, these results suggest that VSV G protein-
pseudotyped HSV-1 vectors may be useful. One ex-
planation for the low titers might be that HSV parti-
cles are not stable in the acidic environment of the
endosomes where the infected virus particles con-
taining G protein are targeted and uncoated. Alterna-
tively, because VSV G protein can be cytotoxic, the
production of high-titer, VSV G protein-pseudotyped
retrovirus vectors required inducible expression of
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VSV G protein (Burns et al, 1993). Thus, perhaps
higher titers of VSV G protein-pseudotyped HSV-1
vectors might be obtained either by using a cell line
that supports the inducible expression of VSV G pro-
tein or by placing VSV G protein under the control
of a HSV-1 promoter, particularly a promoter of the
late class. The vector stocks used for gene transfer
into the rat brain were puri�ed using ultracentrifuga-
tion. Nonetheless, higher titers might be obtained by
additional centrifugation, as was used in the case of
recombinant retrovirus vectors (Burns et al, 1993).

Materials and methods

Cells
Baby hamster kidney �broblast (BHK21) cells and
2-2 cells (Smith et al, 1992) were maintained in
Dulbecco’s modi�ed minimal essential medium sup-
plemented with 10% fetal bovine serum, peni-
cillin/streptomycin, and 4 mM glutamine at 37±C
in humidi�ed incubators containing 5% CO2. G418
(0.5 mg/ml) was present during the growth of 2-2
cells but was removed before experiments. PC12 cells
(Greene and Tischler, 1976) were grown in Dulbecco’s
modi�ed minimal essential medium supplemented
with 5% fetal bovine serum and 10% horse serum.

Plasmids
pHSVlac (Geller and Breake�eld, 1988) expresses the
E. coli Lac Z gene from the HSV-1 immediate early (IE)
4/5 promoter. Plasmids that express VSV G protein or
chimeras of VSV G protein and HSV-1 glycoproteins
(Gilbert et al, 1994; Odell et al, 1997) are based on
the pXM plasmid (Yang et al, 1986) and use the ade-
novirus major late promoter. pXMG expresses VSV G
protein; pXMGgB3G contains the VSV G protein ex-
tracellular domain, the transmembrane domain of
HSV-1 gB (amino acids 775–795), and the VSV G
protein cytoplasmic domain; pXMGgDG contains the
VSV G protein extracellular domain (Odell et al,
1997), the transmembrane domain of HSV-1 gD, and
the VSV G protein cytoplasmic domain; pXMGgDgD
contains the VSV G protein extracellular domain, the
transmembrane domain of HSV-1 gD, and the gD cy-
toplasmic domain; pXMGtmgB contains the VSV G
protein extracellular domain and aa 721 to 795 of gB
that allow this chimeric protein to be localized in
the nuclear envelope (Gilbert et al, 1994); pXMGGgB
contains the VSV G protein extracellular and trans-
membrane domains, and the gB cytoplasmic domain;
pXMGGgD contains the VSV G protein extracellular
and transmembrane domains, and the gD cytoplas-
mic domain (Ghosh and Ghosh, 1999). pUC18gB was
constructed by inserting a 5.2-kb BamH I and Nde I
fragment [nucleotides 52,588 to 57,747 (McGeoch
et al, 1988)] into pUC18 that had been digested with
BamH I and Nde I.

Plasmids were isolated that contain deletions in
speci�c HSV-1 glycoproteins. Two fragments that

extend 50 or 30 from the gB deletion were produced
using PCR [template, cos28 (Cunningham and
Davison, 1993)]; primers, 50 fragment, 50GGGAAGC-
TTGTCAGCTCGTGATTCTGCAGCTCG30 (nucleoti-
des 54,185 to 54,208 (McGeoch et al, 1988)
and 50GCGGAATTCATCAAGGCGGAGAACACCGA-
TGC30 (complementary to nucleotides 55,463 to
55,486); 30 fragment, 50GGCGAATTCTTATTATCTGT-
TCTTCTTCGGTTTCGGGTCC30 (nucleotides 55,576
to 55,600) and 50GCGGGATCCGACGATCAGATCGA-
GGCGCTCAT30 (complementary to nucleotides
56,973 to 56,996). After digestion (50 fragment, Hind
III and EcoR I; 30 fragment EcoR I and BamH I),
the fragments were inserted into pUC18 to yield
pUC181gB.

Two fragments that extend 50 or 30 from the gC
deletion were produced using PCR [template, cos56
(Cunningham and Davison, 1993)]; primers, 50
fragment, 50GGGGAGCTCATCACCGCAGGCGAGT-
CTCTTTCC30 (nucleotides 95,440 to 95,464) and 50-
GGGGTGCACGGTGGAATTCCGAAACCGGCATCG-
30 (complementary to nucleotides 96,737 to
96,760); 30 fragment, 50GGGGTGCACGTCATCG-
GCGGTAACGCAAGACC30 (nucleotides 97,832
to 97,855) and 50GGGTCTAGATGCGGGTCTACGA-
AAACGTCTGC30 (complementary to nucleotides
99,042 to 99,065). After digestion (50 fragment,
Sac I and ApaL I; 30 fragment ApaL I and Xba I),
the fragments were inserted into pUC18 to yield
pUC181gC.

Two fragments that extend 50 or 30 from the gD dele-
tion were produced using PCR [template, cos481a
(Fraefel et al, 1996)]; primers, 50 fragment, 50GCCG-
AATTCCTCAACATACCCCGCTGTTCTCG30 (nucleo-
tides 137,260 to 137,283) and 50CGCGGATCCACCC-
CATGGAGGCCCACTATGACG30 (complementary to
nucleotides 138,463 to 138,486); 30 fragment, 50-
GGGGGATCCGGGTTGGGATGGGACCTTAACTCC30
(nucleotides 139,643 to 139,666) and 50GGGG-
CTAGCTGGCCGTGGACCTATACCAACAGG30 (com-
plementary to nucleotides 140,945 to 140,968).
After digestion (50 fragment, EcoR I and BamH I; 30
fragment BamH I and Nhe I), the fragments were
inserted into pBR322 to yield pBR3221gD.

Two fragments that extend 50 or 30 from the
gG,gJ,gD,gI,gE deletion were produced using
PCR [template, cos481a (Fraefel et al, 1996)];
primers, 50 fragment, 50GCCGAATTCAGGAGAT-
CCTTGCCCAGATGTACG30 (nucleotides 135,433
to 135,456) and 50GCCAAGCTTGTGCCAACCCG-
CAAACAGCACC30 (complementary to nucleo-
tides 136,683 to 136,706); 30 fragment, 50-
GGGAAGCTTCGATTCGTCCGTCTTCTGGTAAGG30
(nucleotides 142,874 to 142,897) and 50GGGGC-
TAGCTTTGGTGCGTTTGGGTGTGGGGACC30 (com-
plementary to nucleotides 144,182–144,206).
After digestion (50 fragment, EcoR I and Hind
III; 30 fragment Hind III and Nhe I), the frag-
ments were inserted into pBR322 to yield pBR322
1gD,E,G,I,J.
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Cosmids
Cosmid setC (Cunningham and Davison, 1993) con-
tains 5 overlapping cosmids that represent the HSV-1
genome (cos6, cos14, cos28, cos48, cos56), and the a
sequence has been deleted from the two cosmids that
contain it [cos61a, cos481a (Fraefel et al, 1996)].

Mutations were introduced into the appropri-
ate HSV-1 cosmid(s) by homologous recombination
cloning in E. coli. Recombination cloning in E. coli
BJ5183 has been used to manipulate 35-kb aden-
ovirus vectors (Chartier et al, 1996), and we have
modi�ed this method (Kong et al, 1999) to allow the
use of up to 6 DNA fragments to reconstruct a HSV-
1 cosmid. Each transformation contained 100 ¹l E.
coli BJ5183, 30 ng vector, and the other fragments
(1:1 molar ratio relative to the vector). Candidates
were analyzed by digestion with several enzymes,
including BamH I and EcoR I, and the presence of
each deletion was veri�ed by assaying for a speci�c
altered fragment, as detailed next. Correct cosmids
were transferred into SURE cells.

Cosmids containing speci�c deletions were con-
structed using the following fragments:

cos281gB Vector fragment, 12.9 kb (26,347 to
61,073 (includes SuperCos I; nucleotides refer to
HSV-1 sequences (McGeoch et al, 1988) except where
SuperCos I is speci�ed), Xho I); 7.2 kb (56,138 to
63,370, BspE I); 24.7 kb (7,887 of SuperCos I to 49,435,
BspH I); 5.5 kb (49,132 to 54,627, Ear I); and 2.7 kb
(from pUC181gB, 54,185 to 56,996, Hind III and
BamH I). The construct was veri�ed by digestion with
EcoR I and BamH I; introduction of the deletion re-
moves a 16.1-kb fragment and adds 7.5-kb and 8.5-kb
fragments.

cos141gB Vector fragment, 8.1 kb (54,826 to
89,654 (includes SuperCos I), Sal I); 7.2 kb (56,138
to 63,370, BspE I); 22.7 kb (57,747 to 80,467, Nde I);
15.6 kb (74,916 to 1 of SuperCos I, EcoR I); 2.7 kb
(from pUC181gB, 54,185 to 56,996, Hind III and
BamH I). The construct was veri�ed by digestion with
EcoR I; introduction of the deletion removes a 9.7-kb
fragment and adds 8.6-kb and 1.0-kb fragments.

cos561gC Vector fragment, 12.7 kb (80,722 to
110,660 (includes SuperCos I), Spe I and EcoR V);
14.8 kb (98,473 to 113,229, Nde I); 17.3 kb (1 of
SuperCos I to 96,751, EcoR I); 2.6 kb (from
pUC181gC, 95,440 to 99,065, Sac I and Xba I). The
construct was veri�ed by digestion with ApaL I; in-
troduction of the deletion removes 6.6-kb and 4.6-kb
fragments and adds 6.2-kb and 3.9-kb fragments.

cos481a1gD Vector fragment, 9.3 kb (108,008
to 142,839 (includes SuperCos I), BspE I); 8.4 kb
(140,277 to 3,941 of SuperCos I, Msc I); 30.9 kb
(107,496 to 138,387, Pac I and A� II); 2.6 kb (from
pBR3221gD, 137,260 to 140,968, EcoR I and Nhe I).
The construct was veri�ed by digestion with BamH
I; introduction of the deletion removes a 6.5-kb frag-
ment and adds 2.2-kb and 3.1-kb fragments.

cos481a1gG,gJ,gD,gI,gE Vector fragment, 15.1
kb (114,517 to 143,481 (includes SuperCos I),

Sal I); 10.1 kb (113,322 to 123,459, BamH I);
20.9 kb (115,246 to 136,151, Ssp I); 2.6 kb (from
pBR3221gD,E,G,I,J, 135,433 to 144,206, EcoR I and
Nhe I). The construct was veri�ed by digestion with
Hind III; introduction of the deletion removes 10.9-
kb and 4.9-kb fragments and adds 6.4-kb and 3.2-kb
fragments.

Packaging vectors into HSV-1 particles
Vectors were packaged into HSV-1 particles using
the helper virus-free packaging system (Fraefel et al,
1996) and a modi�ed protocol (Sun et al, 1999) that
improves the ef�ciency. Each packaging contained
0.4 ¹g of each cosmid, 0.5 ¹g pHSVlac, and 0.4 ¹g of a
small plasmid that expresses VSV G protein (pXMG),
or a VSV G protein-HSV-1 glycoprotein chimeric pro-
tein, or gB. Lower amounts of pXMG resulted in lower
titers, and higher amounts did not increase the titers
(not shown). Vector stocks were puri�ed and concen-
trated as described (Lim et al, 1996). Vector stocks
were titered by counting the number of X-gal-positive
cells obtained at 1 day after infection of either BHK
or PC12 cells.

Titering vector genomes by PCR
DNA was isolated from puri�ed vector stocks, and
Lac Z sequences were detected using PCR [for PCR
conditions and primers, see (Yang et al, 2001)]. For
each sample, PCR was performed on 3-fold serial di-
lutions to identify a concentration range that pro-
duced a linear increase in signal with increasing sam-
ple. The standard DNA was pNFHlac (Wang et al,
1999) plasmid digested with BamH I (single site) and
added to a sample obtained from a stock of pTH-
NFHpkc1 (expresses a protein kinase C). The reac-
tion products were displayed on an 0.6% agarose
gel. The amount of DNA in each sample was quan-
titated by comparing the signals produced using di-
lutions of the standard to those produced using di-
lutions of the sample. The titers of vector genomes
were calculated from the DNA concentrations and
corrected for packaging pHSVlac as a concatamer
similar in size to the HSV-1 genome (8.1 kb, 19 copies;
153.9 kb).

Incubating vectors stocks with antibodies
Aliquots of vector stocks were incubated (37±C,
30 min) in the presence of different dilutions (1:10
or 1:50) of antibodies directed against either VSV G
protein or VSV (Ghosh and Ghosh, 1999; Wanas et al,
1999). Vector stocks were centrifuged at 16,000 £g
for 10 min prior to titering. Five ¹l of each su-
pernatant was titered by counting the number of
X-gal-positive cells obtained at 1 day after infec-
tion of BHK cells; each titering was performed in
duplicate.

Stereotactic injection of HSV-1 vectors into the brain
Male Sprague-Dawley rats (150–175 gm) were
used for these experiments. Vector stocks were
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delivered by stereotactic injection (2 sites, 3 ¹l/site)
into the striatum (anterior-posterior (AP) C0.8,
medial-lateral (ML) C2.5, dorsal-ventral (DV) ¡5.5;
AP C0.8, ML ¡2.5, DV ¡5.5). AP is relative to
bregma, ML is relative to the sagittal suture, and DV
is relative to the bregma-lambda plane (Paxinos and
Watson, 1986). These studies were approved by the
Children’s Hospital IACUC.

Histological analyses
Four days after gene transfer, the rats were anes-
thetized with chloral hydrate (300 mg/kg, intraperi-
toneal) and then perfused with 50 ml phosphate-
buffered saline (PBS) followed by 200 ml of 4%
paraformaldehyde in PBS. The brains were post�xed
in 4% paraformaldehyde in PBS (4 h, 4±C), cryopro-
tected in 25% sucrose in PBS (2 days, 4±C), and 25 ¹m
coronal sections were cut on a freezing microtome.
Enzymatic staining and immunohistochemistry were
performed on free-�oating sections. Expression of
¯-galactosidase was detected using X-gal (Emson
et al, 1990); the X-gal reaction was carried out for
3 h at room temperature at pH 7.9.

E. coli ¯-galactosidase-immunoreactivity (¯-
galactosidase-IR; rabbit anti-E. coli ¯-galactosidase
antibody, ICN) and NeuN-IR [mouse monoclonal
anti-NeuN antibody (Chemicon; (Mullen et al, 1992))]
were detected in the same sections as described (Yang
et al, 2001).

Every fourth section (25-¹m sections) was ana-
lyzed for expression of ¯-galactosidase and �10 of
these sections contained either the X-gal-positive
cells or the ¯-galactosidase-IR-positive cells. Counts
of positive striatal cells were performed under 40X
magni�cation. Each section was counted twice and
the results differed by <10%. To obtain the number
of cells/rat, the number of counted cells was multi-
pled by 4, as every fourth section was examined.
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