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Baculovirus infection has extended the capabilities for transfection of exogenous genes into a variety of
mammalian cell types. Because rat hepatocytes plated on collagen-coated dishes and maintained in dimethyl
sulfoxide (DMSO)-supplemented chemically defined medium are an excellent model system for studying liver
function in vitro, we investigated the ability of baculoviruses to infect and deliver exogenous genes to cells in
this culture system. Efficient delivery to hepatocytes in short-term culture becomes restricted to peripheral
cells, or “edge” cells, as the hepatocytes acquire intercellular junctions and form islands with time in culture.
This barrier to baculovirus entry can be overcome, and the percentage of internal cells within the hepatocyte
islands that are infected with the baculovirus can be increased more than 100-fold, when cells are subjected to
transient calcium depletion before and during infection. These findings suggest that at least in some cell types,
such as hepatocytes, baculovirus entry may require contact with the basolateral surface. We conclude from this
study that recombinant baculovirus infection following transient depletion of extracellular calcium results in
delivery of exogenous genes to at least 75% of hepatocytes in long-term DMSO culture, thereby making it
possible for the first time to carry out gain-of-function and loss-of-function studies in this cell system.

Primary rat hepatocytes, plated on collagen-coated plastic
dishes and fed chemically defined medium supplemented with
dimethyl sulfoxide (DMSO), can be maintained in a differen-
tiated state for at least 60 days (28, 29). The morphological and
biochemical characteristics of these cells are similar to those of
hepatocytes in rat liver in vivo. Hepatocytes in culture secrete
albumin and retain steady-state mRNA expression of liver-
specific and common genes. As in the uninduced in vivo liver,
the level of DNA synthesis in these hepatocyte cultures is low
(approximately 2.2% of cultured cells) and the hepatocytes do
not undergo cell division (29). During the first 3 days following
plating, primary rat hepatocytes exist as a single-cell mono-
layer. Shortly thereafter, the hepatocytes move on the collagen
matrix into multicellular islands (28, 29; H. C. Isom, unpub-
lished data). This dynamic motility is observed throughout the
lifetime of the culture. As the culture ages, hepatocytes within
the islands become tightly packed together and intercellular
junctions between neighboring cells are observed by electron
microscopy (7, 29).

A barrier to the use of primary hepatocytes for gain-of-
function and loss-of-function analyses has been the inability to
efficiently transfect DNA into hepatocytes in in vitro culture
systems. Although a large number of cationic lipid-based DNA
transfection methods are available (6, 16, 17, 24, 30, 39), those
that we have tested on primary rat hepatocyte cultures result in
very low transgene expression (approximately 1 to 3% [H. C.
Isom, unpublished data]). The use of viral gene transfer vectors

in primary hepatocyte cultures is promising, but each method
has drawbacks. Retrovirus-mediated gene transfer requires di-
vision of target cells following viral inoculation (19, 33). Use of
this gene delivery system in hepatocytes is severely limited by
the nondividing nature of hepatocytes in vivo and in vitro.
Artificially stimulating hepatocytes in the liver in vivo to exit
the G0 phase of the cell cycle significantly improves retroviral
gene transfer efficiency (18, 31, 32). Expression of transgenes
from retroviral vectors requires stable insertion of vector se-
quences into the dividing target cell genome (18). Adenovirus
gene transfer vectors have been used for transient gene deliv-
ery to quiescent hepatocytes in culture (35). However, it has
been demonstrated that adenovirus vectors are toxic at multi-
plicities of infection (MOI) greater than 100 in the established
human hepatic cell line Huh7 (26).

The baculovirus Autographa californica multiple nuclear
polyhedrosis virus (AcMNPV), which has been used to gener-
ate recombinant proteins in insect cells, is capable of efficiently
delivering genes to numerous mammalian cell types (42). The
transgene delivered must be under the transcriptional control
of a mammalian promoter for gene expression to occur. Sev-
eral studies have demonstrated that recombinant baculoviruses
can deliver transgenes to hepatic cells at efficiencies approach-
ing 100% (4, 10, 12, 25, 26, 40, 42). Previous reports have also
demonstrated that baculoviruses can mediate gene delivery
into primary human, mouse, rabbit, and rat hepatocytes in
culture (4, 26, 40) and to perfused ex vivo human liver seg-
ments (25, 40). Injection of baculovirus directly into the mouse
liver parenchyma also results in successful gene transfer local-
ized to the injection site (25). In addition, gene transfer to
human liver cell tumors in nude mice (generated by transplan-
tation of Huh7 cells) can be achieved by injection of baculo-
virus (25). The results presented in this report characterize
baculovirus-mediated gene delivery into primary rat hepato-
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cytes maintained in a chemically defined medium supple-
mented with DMSO.

MATERIALS AND METHODS

Cell culture. Sf21 insect cells (Invitrogen, Carlsbad, Calif.) were maintained in
Grace’s insect medium supplemented with Yeastolate, lactalbumin hydrolysate
(Gibco BRL, Gaithersburg, Md.), and 10% fetal bovine serum (FBS; HyClone,
Logan, Utah) in a nonhumidified incubator at 28°C without CO2. Primary rat
hepatocytes were maintained in Dulbecco’s modified Eagle medium (DMEM)–
F12 or RPMI 1640 (Gibco BRL) supplemented with insulin (0.06 �g/ml), glu-
cagon (0.04 �g/ml), dexamethasone (0.4 �g/ml), transferrin (100 �g/ml), epider-
mal growth factor (EGF; 25 ng/ml; Sigma Chemical Co., St. Louis, Mo.), 1 �M
[�]-�-tocopherol (Sigma), and 2% DMSO (Sigma) in a humidified incubator at
37°C with 5% CO2 (28, 29). At designated days postseeding, primary rat hepa-
tocyte cultures were infected with cytomegalovirus (CMV)-lacZ baculovirus at
the indicated PFU per cell in either (i) RPMI 1640 supplemented as described
above; (ii) DMEM–F12 supplemented as described above (referred to below as
control medium) after a 1-h pretreatment in the same medium, or (iii) calcium-
free DMEM (Gibco BRL) supplemented in the same manner as the control
medium without or with various concentrations of EGTA (Sigma) after 1 h of
pretreatment in the same medium. Cultures were stained with 5-bromo-4-chloro-
3-indolyl-�-D-galactopyranoside (X-Gal; Fisher Biotech, Fair Lawn, N.J.) to as-
say for �-galactosidase (�-Gal) activity.

Construction of the CMV-lacZ baculovirus. The pCMVlacZ transfer vector
used in producing the CMV-lacZ recombinant baculovirus was constructed
based on a derivative of pBacPAK9 (Clontech; Palo Alto, Calif.) with a modified
polylinker. This plasmid contains a 758-bp HindIII-XbaI fragment of the human
CMV immediate-early promoter excised from pCMV-EBNA (Invitrogen), a
3.0-kb NotI-NotI lacZ fragment, and an 850-bp BamHI-BglII fragment derived
from pRSVneo (23) containing simian virus 40 (SV40) splice and polyadenyla-
tion sequences. The transfer plasmid was recombined with linear viral DNA from
BakPAK6 viral DNA (Clontech) after lipofection of Sf21 cells as described
previously (5). The virus was plaque purified three times prior to amplification.

Infection of primary rat hepatocytes with recombinant CMV-lacZ baculovirus.
Primary rat hepatocytes from male Fischer F344 rats (180 to 200 g; Charles River
Breeding Laboratories) were isolated and plated as described by Isom et al. (29).
At designated days of infection, duplicate plates of cells were trypsinized, and the
viable cell number was determined with a hemocytometer using trypan blue
exclusion. Average cell counts were calculated and used to determine the volume
of high-titer CMV-lacZ baculovirus stock necessary to infect cells at the indi-
cated MOI. Baculovirus stocks and titers were prepared in Sf21 insect cells as
described by Delaney and Isom (11). Baculovirus was diluted in either RPMI
1640, DMEM–F12 (control medium), calcium-free DMEM, or calcium-free
DMEM supplemented with a designated concentration of EGTA to a final
volume of 0.5 ml. Incubation of cultures with baculovirus for less than 40 min
resulted in decreased gene transfer efficiencies, whereas no difference was ob-
served if cultures were incubated for �1 h (data not shown). Therefore, bacu-
lovirus was absorbed to primary rat hepatocytes for 1 h at 37°C with gentle
rocking every 15 min to ensure even distribution of the inoculum. Following
infection, cultures were washed twice in phosphate-buffered saline (PBS) and
then refed with either RPMI 1640 or DMEM–F12 control medium containing
calcium.

In situ �-Gal staining with X-Gal. At designated times following infection with
the CMV-lacZ baculovirus, primary rat hepatocyte cultures were washed once
with PBS containing 2 mM MgCl2. Cultures were then fixed for 5 min in PBS
containing 2% formaldehyde and 0.05% glutaraldehyde. Cultures were washed
twice in PBS. Substrate-stain solution (PBS containing 5 mM potassium ferri-
cyanide, 5 mM potassium ferrocyanide, 2 mM MgCl2, and 1 mg of X-Gal
solubilized in dimethyl formamide [DMF]/ml) was applied, and cultures were
incubated in a 37°C humidified incubator containing 5% CO2 for appropriate
times to allow the appearance of �-Gal activity. Cultures were then rinsed once
in PBS and fixed at room temperature for 10 min in 10% phosphate-buffered
formalin. Following fixation, cultures were rinsed once in PBS and stored at 4°C
in PBS containing 0.2% sodium azide. Cultures were observed for �-Gal activity
on an inverted microscope.

Immunohistochemistry. Twenty-one days after seeding, primary rat hepato-
cyte cultures were infected with the CMV-lacZ baculovirus as described above.
At 3 h postinfection (p.i.), cultures were washed three times in PBS and fixed in
3.7% zinc-buffered formalin for 10 min at room temperature. The following
immunohistochemical staining procedure was carried out at room temperature.
Cultures were rinsed three times in PBS and stained for the AcMNPV virus using
the peroxidase LSAB� Kit as described by the manufacturer (Dako Corpora-

tion, Carpinteria, Calif.). Briefly, endogenous peroxidase was quenched by incu-
bation of cultures with 10% hydrogen peroxide in methanol for 20 min. Cultures
were then rinsed three times in PBS. Endogenous biotin was blocked using the
Dako Biotin Blocking System according to the manufacturer’s instructions. Cul-
tures were incubated in primary anti-AcMNPV antibody or control rabbit im-
munoglobulin G (IgG) antibody (Vector Laboratories, Inc., Burlingame, Calif.)
for 30 min, followed by three washes in PBS. The primary AcMNPV antibody
reacts predominantly with the major viral coat protein and nucleocapsid (F. M.
Boyce, unpublished data). Cultures were then incubated with a biotinylated
anti-rabbit secondary antibody for 30 min and washed four times in PBS. Strepta-
vidin peroxidase was applied to the cultures and incubated for 15 min, followed
by five washes in PBS. Cultures were incubated in substrate-chromogen solution
until the appearance of brown staining in the anti-AcMNPV specimens. Staining
was terminated by five rinses in distilled water. Cultures were counterstained
with hematoxylin (Immunon, Pittsburgh, Pa.) for 3 min, rinsed five times in
distilled water, incubated in 0.2% ammonia water for 5 min, and rinsed five times
in distilled water. Coverslips were applied, and specimens were viewed by stan-
dard light-field microscopy.

RESULTS

Baculovirus-mediated gene transfer into primary rat hepa-
tocytes in short-term culture. Previously, Rous sarcoma virus
(RSV)-lacZ AcMNPV was used to efficiently transfer the lacZ
reporter gene to primary rat hepatocytes in short-term culture
(4). It was necessary for us to first test whether these studies
could be reproduced under the conditions used in our labora-
tory for short-term culture of primary rat hepatocytes. In ad-
dition, we chose to use a baculovirus in which the lacZ gene
was driven by the CMV promoter instead of the RSV pro-
moter. CMV-lacZ AcMNPV, generated as described in Mate-
rials and Methods, was used for these studies. We assessed the
ability of CMV-lacZ AcMNPV to mediate gene transfer into
short-term primary hepatocytes. The percentage of cells ex-
pressing the reporter gene was directly proportional to the
MOI (Fig. 1A). When hepatocytes were seeded at plating
densities of 1.0 � 106, 0.5 � 106, 0.25 � 106, and 0.125 � 106

cells/60-mm dish, infected with CMV-lacZ baculovirus, and
stained 1 day p.i., no significant change in the percentage of
�-Gal-positive cells was observed as seeding density was de-
creased, suggesting that seeding density had no effect on the
efficiency of baculovirus-mediated gene delivery (data not
shown). Hepatocytes infected with CMV-lacZ baculovirus at 1,
2, 3, 4, 5, 6, and 7 days postseeding and stained for �-Gal
activity 24 h p.i. were most susceptible to baculovirus gene
transfer at day 1 postseeding (approximately 25% positive [Fig.
1B]). The reporter gene was detected in 20 to 25% of the cells
through day 5 in culture, at which time the percentage of
positive cells began to decline (Fig. 1C).

Dose-dependent baculovirus-mediated gene transfer into
primary rat hepatocytes in long-term DMSO culture. We next
assessed the ability of the baculovirus to transfer genes into
primary hepatocytes in long-term DMSO culture. During the
first week of culture in a chemically defined medium supple-
mented with DMSO, hepatocytes are evenly distributed on
collagen-coated dishes. After 8 to 10 days of culture, the spaces
between individual cells begin to disappear and the cells coa-
lesce to form islands. This process continues until approxi-
mately day 15 postseeding, after which the overall appearance
of the culture does not change for months. The timing of these
changes can vary by several days among cultures prepared
independently from different rats. Primary hepatocytes in cul-
ture for 55 days were infected with CMV-lacZ baculovirus at
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MOI ranging from 3 to 100. At 24 h p.i., hepatocytes were
stained for �-Gal activity and the percent positive cells was
determined. Remarkably, while cells on the peripheries of he-
patocyte islands expressed �-Gal in a multiplicity-dependent
fashion, very few hepatocytes in the interiors of islands stained
positive for �-Gal. Because only the peripheral cells, or “edge”
cells, expressed the reporter gene, the data were expressed as
the percent positive peripheral cells (Fig. 2A). To determine
whether the “edge” cell effect could be resolved by increasing
the multiplicity, primary hepatocytes in culture for 56 days
were infected with higher multiplicities up to 800 PFU of
CMV-lacZ baculovirus/cell (Fig. 2A). Approximately 70% of
the “edge” or peripheral cells in long-term DMSO culture
efficiently expressed the lacZ reporter gene after treatment
with 800 PFU of CMV-lacZ baculovirus/cell. Although the
percent positive peripheral cells was dose dependent, increas-
ing the MOI did not result in gene delivery to internal hepa-
tocytes (Fig. 2A and B).

Detection of �-Gal activity at various times after infection of
long-term cultures of primary hepatocytes. Hepatocytes in cul-
ture for 30 days were infected with 400 PFU of CMV-lacZ
baculovirus/cell and maintained for an additional 30 days p.i.
(Fig. 3A and Fig. 4). Hepatocytes were stained for �-Gal ac-
tivity, and the percent positive peripheral cells was determined
at various times p.i. The percent positive peripheral cells was
approximately 75% at 24 h p.i. and decreased progressively
with time in culture. However, by day 20, the decrease reached
a plateau; on day 20, 11.8% of peripheral island cells stained
positive for �-Gal activity, while on day 30, approximately 10%
remained positive.

Examination of the cultures also revealed that although the
percent �-Gal-positive peripheral cells decreased with time
p.i., cells positive for �-Gal also became apparent in the inte-
riors of hepatocyte islands (Fig. 4). The distances between the
peripheries of hepatocyte islands and the locations of the
�-Gal-positive cells within the islands increased with time.
These findings support the concept that even though hepato-
cytes in long-term DMSO culture do not proliferate, they ex-
hibit motility. Infection with CMV-lacZ baculovirus thus
makes it possible to genetically mark cells on the peripheries of
hepatocyte islands and monitor their migration with time.

Reinfection of long-term DMSO-cultured hepatocytes with
CMV-lacZ baculovirus. The results from our previous experi-
ment suggested that cells located within hepatocyte islands are
resistant to infection with CMV-lacZ but can move to the
periphery and become new edge cells with time. It is also likely
that many of the initially positive edge cells failed to migrate
and simply lost reporter gene expression with time. A question
that arose from these studies was whether edge cells that were
no longer positive for �-Gal activity remained susceptible to
baculovirus-mediated gene transfer. Parallel dishes of primary
hepatocytes in culture for 30 days were mock infected or in-
fected with 400 PFU of CMV-lacZ baculovirus/cell. Nineteen

FIG. 1. Baculovirus-mediated gene transfer into primary rat hepa-
tocytes in short-term culture. (A) Dose dependence of baculovirus-
mediated gene transfer into short-term culture. Primary rat hepato-
cytes were perfused and seeded on collagen-coated dishes. Cultures
were infected with CMV-lacZ baculovirus at the indicated multiplici-
ties 24 h postseeding. At 24 h p.i., primary hepatocyte cultures were
stained for �-Gal activity as described in Materials and Methods, and
the percent �-Gal-positive cells was determined. The mean percent
�-Gal-positive cells, with the standard deviation, is shown as a function
of the PFU of CMV-lacZ baculovirus/cell used to infect primary rat
hepatocyte cultures. (B) Effect of time in culture on susceptibility of
primary rat hepatocytes to baculovirus-mediated gene transfer. Pri-
mary rat hepatocytes were perfused, seeded on collagen-coated dishes,
and infected with 300 PFU of CMV-lacZ baculovirus/cell on the indi-
cated days postseeding. At 24 h p.i., cultures were stained for �-Gal
activity and the percent positive cells was determined. Each symbol
represents the mean percentage of primary rat hepatocytes at the
indicated day postseeding that were �-Gal positive, with the standard
deviation. (C) Detection of �-Gal activity at various times after infec-
tion of hepatocytes in short-term culture. Primary rat hepatocytes were
seeded on collagen-coated dishes and infected with 200 PFU of

CMV-lacZ baculovirus/cell 24 h postseeding. Cultures were stained for
�-Gal activity at the indicated number of days p.i., and the percent
�-Gal-positive cells was determined. Each symbol represents the mean
percentage of primary rat hepatocytes that stained �-Gal positive at
the indicated day p.i., with the standard deviation.
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days after the initial infection (49 days postseeding), the cells
were mock infected or reinfected with another 400 PFU of
CMV-lacZ baculovirus/cell. Twenty-four hours after the sec-
ond infection, hepatocytes were stained for �-Gal activity and
the percent positive peripheral cells was determined (Fig. 3B
and 4F). Hepatocytes that were not reinfected expressed the
reporter gene in only 10% of the edge-cell population. Hepa-
tocytes that were reinfected expressed the reporter gene in
60% of the peripheral cells. When hepatocytes that had been
mock infected at day 30 were infected at day 49 for the first
time with 400 PFU of CMV-lacZ baculovirus/cell, 63% of the
peripheral cells were positive for reporter gene expression.
These results demonstrate that essentially the same percentage
of peripheral cells was susceptible to baculovirus-mediated
gene transfer regardless of whether the infection was an initial
infection or a second infection.

Effect of calcium depletion on baculovirus-mediated gene
delivery of CMV-lacZ to primary rat hepatocyte cultures. To
use the baculovirus for efficient gene delivery to primary rat
hepatocytes in long-term DMSO culture, it was necessary to
establish a method that would overcome the “edge” cell effect
and ensure homogeneous expression of the exogenously deliv-
ered gene within hepatocyte islands. It has recently been re-
ported that infection of Caco-2 intestinal epithelial cell cul-
tures by CMV is inefficient and limited to peripheral cells (15).
To overcome this limitation, the investigators pretreated the
cultures with 100 mM EGTA in Krebs Ringer solution. The
efficiency of CMV infection increased and was homogeneous
throughout the culture. When we treated primary rat hepato-
cytes at EGTA concentrations of 25, 100, 250, or 500 �M in
Krebs Ringer solution, the cells displayed a high level of cyto-
pathology (data not shown). However if EGTA was diluted in
calcium-free cell culture medium instead of Krebs Ringer so-
lution, no cytopathology was observed at EGTA concentra-
tions below 100 �M.

To examine the effect of transient calcium depletion on
baculovirus infection of hepatocytes in long-term DMSO cul-
ture, three different culture media were tested. Cultures were
treated 1 h prior to baculovirus infection and during the 1-h
infection with baculovirus diluted in either (i) control medium
(as described in Materials and Methods), (ii) calcium-free
DMEM (supplemented with the same additives as control me-
dium including DMSO, EGF, and �-tocopherol), referred to
below as Ca-free medium, and (iii) calcium-free DMEM sup-
plemented not only with the normal additives but also with
varying concentrations of EGTA and referred to subsequently
as 25, 100, 250, and 500 �M, respectively. Experiments were
carried out with these varying pretreatment conditions on
hepatocytes that had been in culture for 10, 20, or 30 days. For
all conditions, the MOI was 400 PFU of CMV-lacZ/cell. Sev-

FIG. 2. Dose-dependent baculovirus-mediated gene transfer into
primary rat hepatocytes in long-term DMSO culture. (A) Fifty-five
days postseeding, primary rat hepatocytes in long-term DMSO culture
were infected with 3, 6, 12, 25, 50, or 100 PFU of CMV-lacZ baculo-
virus/cell. At 24 h p.i., cultures were stained for �-Gal activity and the
percent positive peripheral (edge) cells was determined (�). In a
separate experiment, primary rat hepatocytes in long-term DMSO

culture for 56 days were infected with 50, 100, 200, 400, or 800 PFU of
CMV-lacZ baculovirus/cell (F). At 24 h p.i., cultures were stained for
�-Gal activity. Results show the percentage of peripheral hepatocytes
positive for �-Gal activity, with the standard deviation, at the indicated
PFU of CMV-lacZ baculovirus/cell. (B) Primary rat hepatocytes in
long-term DMSO culture for 56 days were mock infected and stained
for �-Gal activity 24 h later. (C) Primary hepatocytes in long-term
DMSO culture for 56 days were infected with 800 PFU of CMV-lacZ
baculovirus/cell and stained for �-Gal activity at 24 h p.i.
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eral points were readily apparent. Whether hepatocytes were
in culture for 10, 20, or 30 days, baculovirus-mediated gene
delivery was markedly enhanced when cultures were pre-
treated and infected in calcium-free medium or calcium-free
medium supplemented with 25 �M EGTA (Fig. 5A). In addi-
tion, the effects of increasing the EGTA concentration de-
pended on the length of time the hepatocytes were in culture.
For cells in culture for 10 days, maximum efficiency was
achieved at 25 �M EGTA, while for cells in culture for 20 or
30 days, maximum efficiency was achieved at 100 �M EGTA.
Maintenance of DMSO, EGF, and tocopherol in the media was
required for maximal gene transfer efficiency (data not shown).

Examination of the cultures following staining for �-Gal
activity revealed that upon calcium depletion, gene transfer
was no longer limited to peripheral cells and was homogeneous
throughout the hepatocyte islands (Fig. 6). To quantify the
changes in gene delivery characteristics upon calcium deple-
tion, the percentages of peripheral and internal cells express-
ing �-Gal activity were determined. The difference in the per-
cent �-Gal-positive peripheral cells upon calcium depletion,
compared to that for cells pretreated and infected with control
medium, was not significant at day 20 or 30 (Fig. 5B). A
decrease in positive peripheral cells was observed at day 10
when EGTA concentrations of 100 �M or higher were used
(Fig. 5B). Conversely, a significant increase in the percent
�-Gal-positive internal cells was observed following pretreat-
ment and infection under calcium-depleted conditions (Fig.
5C). The data were also calculated in terms of fold increase
over control medium (Fig. 5D). For example, for cells in cul-

ture for 20 days, the level of �-Gal-positive internal cells was
94-fold higher when cells were pretreated and infected in cal-
cium-free medium supplemented with 100 �M EGTA than
when they were pretreated and infected with control medium.

To evaluate if the calcium depletion conditions employed in
our baculovirus-mediated gene transfer system were cyto-
pathic, the percentage of vacuolating cells was determined
following pretreatment and infection under calcium-free or
EGTA calcium chelation conditions. No cytopathology was
observed when control medium, calcium-free medium , or 25
�M EGTA medium was used (Fig. 5E). However, concentra-
tions of EGTA greater than 25 �M were cytopathic to day-10
cultures. Cytopathology was not observed in day-20 or day-30
cultures until concentrations of EGTA exceeded 100 �M.
Thus, to achieve maximal efficiency of baculovirus-mediated
gene transfer to hepatocytes in culture for less than 20 days,
cultures should be pretreated and infected in calcium-free
DMEM supplemented with 25 �M EGTA. Hepatocytes in
culture for more than 20 days should be pretreated and in-
fected at an EGTA concentration of 100 �M to achieve max-
imal gene transfer efficiency.

Localization of baculovirus to internal cells within hepato-
cyte islands as a function of transient calcium depletion. In the
studies described above, the ability of CMV-lacZ baculovirus
to “infect” hepatocytes was determined indirectly by assaying
for �-Gal activity. We next directly measured the effect of
calcium depletion on the ability of baculoviruses to be tak-
en-up by internal cells of hepatocyte islands. Primary rat he-
patocyte cultures infected with CMV-lacZ baculovirus were
fixed and stained for AcMNPV. Because no viral progeny are
produced after “infection” into primary hepatocytes, staining
detects localization of the inoculated virus. Primary rat hepa-
tocytes at 21 days postseeding were pretreated and either in-
fected with 400 PFU of CMV-lacZ baculovirus/cell or mock
infected (Fig. 7). Cultures were then stained for AcMNPV at
3 h p.i. Mock-infected cultures incubated with primary anti-
body to AcMNPV (Fig. 7A) and CMV-lacZ-infected cultures
in control medium incubated with a rabbit IgG control anti-
body (Fig. 7B) were negative for immunoperoxidase staining.
In cultures pretreated and infected in control medium, staining
was restricted to peripheral cells (Fig. 7C). When cells were
pretreated and infected in calcium-free DMEM, staining for
CMV-lacZ baculovirus was present in the peripheral cells, but
internal cells were also stained (Fig. 7D). Cultures pretreated
and infected under stringent calcium depletion conditions of
25 and 100 �M EGTA displayed increased staining of periph-
eral cells and homogeneous staining throughout the culture
(Fig. 7E and F). Therefore, the increased efficiency and ho-
mogeneity of �-Gal activity can be attributed to the increased
availability of the internal cells to bind and internalize the
CMV-lacZ baculovirus.

Determination of the proper pretreatment time prior to
infection affording the maximal gene delivery efficiency. In the
calcium depletion experiments described above, a 1-h preincu-
bation time in calcium-free medium with or without EGTA
supplementation was used. To ensure that the 1-h preincuba-
tion was sufficient to allow for enhanced efficiency of baculo-
virus-mediated gene transfer, a time course experiment with
varying pretreatment times was performed on day-20 cultures.
A multiplicity of 400 PFU of CMV-lacZ baculovirus/cell was

FIG. 3. Detection of �-Gal activity at various times after infection
of long-term cultures of primary hepatocytes and susceptibility of pe-
ripheral cells to reinfection with CMV-lacZ baculovirus. (A) Detection
of �-Gal activity at various times after infection of a long-term DMSO
culture. Thirty days postseeding, primary rat hepatocytes in DMSO
culture were infected with 400 PFU of CMV-lacZ baculovirus/cell. At
the indicated time p.i., cultures were stained for �-Gal activity and the
percent �-Gal-positive peripheral (edge) cells was determined. The
results show the percentage of peripheral cells positive for �-Gal
activity at the indicated time p.i., with the standard deviation. Where
no error bar is shown, the error falls within the size of the symbol. (B)
Susceptibility of peripheral cells to reinfection. At day 30 postseeding,
hepatocytes were either mock infected or infected with 400 PFU of
CMV-lacZ baculovirus/cell. Cultures were divided into three groups.
One group of cultures infected on day 30 was mock infected at day 49
(�, �), one group of cultures infected at day 30 was reinfected at day
49 (�, �), and the cultures mock infected at day 30 were infected at
day 49 (�, �). All cultures were fixed and stained for �-Gal activity at
50 days postseeding. Each bar represents the mean percentage of
peripheral (edge) hepatocytes positive for �-Gal activity, with the
standard deviation, following infection at the indicated day postseeding.
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FIG. 4. Motility of primary hepatocytes in long-term DMSO culture. Primary rat hepatocytes in long-term DMSO culture for 30 days were
infected with 400 PFU of CMV-lacZ baculovirus/cell. Cultures were stained for �-Gal activity after 1 (A), 5 (B), 10 (C), 15 (D), and 30 (E) days
p.i. (F) Susceptibility to reinfection of peripheral (edge) cells in long-term primary rat hepatocyte cultures maintained in DMSO. A culture infected
on day 30 postseeding was reinfected with an additional 400 PFU of CMV-lacZ baculovirus/cell on day 49 and was stained for �-Gal activity at
24 h p.i.
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FIG. 5. Effect of calcium depletion on baculovirus-mediated gene delivery of CMV-lacZ to primary rat hepatocyte cultures. At the indicated
days postseeding, primary rat hepatocytes were pretreated in either control medium (DMEM–F12; designated Control), calcium-free DMEM
(Ca-free), or calcium-free DMEM supplemented with either 25 (25 �M), 100 (100 �M), 250 (250 �M), or 500 (500 �M) �M EGTA for 1 h.
Subsequently, cultures were infected for 1 h with 400 PFU of CMV-lacZ baculovirus/cell diluted in either control medium, calcium-free DMEM,
or calcium-free DMEM supplemented with either 25, 100, 250, or 500 �M EGTA. At 24 h p.i., cultures were stained for �-Gal activity. Percent
�-Gal-positive cells was determined for the total culture (A), the peripheral cells (B), and the internal cells (C). (D) Fold increase in internal
�-Gal-positive cells following extracellular calcium depletion relative to the control medium. Each bar represents the mean percent �-Gal-positive
primary rat hepatocytes, with the standard deviation, at the indicated medium condition. (E) Percent cytopathic cells present in the primary rat
hepatocyte cultures following calcium depletion prior to and during baculovirus infection. Each bar represents the mean percent cytopathic cells
at the indicated medium condition, with the standard deviation.
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used for the studies whether cells were preincubated in control
medium or calcium-free DMEM with or without 25 �M EGTA
supplementation. Gene transfer efficiency reached a maximum
by 30 min and stayed at a plateau thereafter (Fig. 8A). As
indicated in Fig. 8B, the percent �-Gal-positive peripheral
hepatocytes was not significantly affected by varying the cal-
cium depletion pretreatment times. The percentage of internal
hepatocytes expressing �-Gal following gene delivery was max-
imal when calcium was depleted 30 min prior to infection and
plateaued thereafter (Fig 8C). Since no distinction was ob-
served between the 30-, 60-, and 120-min calcium depletion
pretreatments, the 60-min pretreatment time was selected as
the optimum time.

Detection of �-Gal activity at various times after infection of
long-term cultures of primary rat hepatocytes following cal-
cium depletion. Transfection under nonselective conditions via
chemical methods results in short-term gene expression that
decreases within hours or days of gene transfer. This response

depends on the cell type used, the gene expressed, and the
promoter that drives the expression of the transgene. Baculo-
virus-mediated gene delivery to mammalian cells represents a
transient system of gene transfection. To determine the �-Gal
activity at various times p.i. following calcium depletion in
long-term primary rat hepatocytes at day 20 postseeding, the
following experiment was performed. Cultures were pretreated
in control medium, calcium-free medium, or calcium-free me-
dium supplemented with EGTA, infected with 400 PFU of
CMV-lacZ baculovirus/cell for 1 h in the corresponding me-
dium condition, and refed with control medium containing
calcium. At 24, 48, and 72 h p.i, cultures were fixed and stained
for �-Gal activity. Maximal �-Gal activity was observed at 24 h
p.i. (Fig. 9A). In all pretreatment and infection medium con-
ditions, �-Gal activity decreased over time p.i. Although a
slight increase in the percentage of peripheral cells positive for
�-Gal activity was observed upon calcium depletion at 24 h p.i
(Fig. 9B), the major effect of calcium depletion on �-Gal ac-

FIG. 6. Effect of calcium depletion on baculovirus-mediated gene delivery to internal hepatocytes. At day 20 postseeding, primary rat
hepatocytes were pretreated in either control medium, calcium-free DMEM, or calcium-free DMEM supplemented with either 25 or 100 �M
EGTA for 1 h. Subsequently, cultures were infected for 1 h with 400 PFU of CMV-lacZ baculovirus/cell diluted in either control medium (A),
calcium-free DMEM (B), or calcium-free DMEM supplemented with either 25 (C) or 100 (D) �M EGTA. At 24 h p.i., cultures were stained for
�-Gal activity.
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FIG. 7. Immunoperoxidase staining for AcMNPV in primary rat hepatocytes. Twenty-one days postseeding, primary rat hepatocytes were
pretreated in either control medium, calcium-free DMEM, or calcium-free DMEM supplemented with either 25 or 100 �M EGTA for 1 h.
Subsequently, cultures were infected for 1 h with 400 PFU of CMV-lacZ baculovirus/cell diluted in either control medium, calcium-free DMEM,
or calcium-free DMEM supplemented with either 25 or 100 �M EGTA. At 3 h p.i., cultures were fixed and incubated with an antibody to AcMNPV
(A, C, D, E, and F) or a control antibody (B) as described in Materials and Methods. (A) Primary rat hepatocytes at 21 days postseeding that were
pretreated and mock infected in control medium. (B) Cultures pretreated and infected with the CMV-lacZ baculovirus in control medium and
incubated with a rabbit IgG control antibody. (C) Cultures pretreated and infected in control medium. (D) Cultures pretreated and infected in
calcium-free DMEM. (E and F) Cultures pretreated and infected under calcium depletion conditions of 25 and 100 �M, respectively.

VOL. 75, 2001 BACULOVIRUS INFECTION OF NONDIVIDING HEPATOCYTES 9865



tivity was observed in internal hepatocytes (Fig 9C). In agree-
ment with previous results, the percent �-Gal-positive internal
cells at 24 h p.i. increased from 0.2% for the control medium
condition to approximately 17.6, 34.7, and 47.4% for the cal-
cium-free medium and 25 and 100 �M EGTA concentrations,
respectively. At 24 h p.i., the percent �-Gal-positive internal
hepatocytes was 232-fold higher when cultures were pretreated
and infected in calcium-free medium supplemented with 100
�M EGTA than when they were pretreated and infected in
control medium (Fig. 9D). This induction decreased by 48 h
and even further by 72 h.

Increased dose-dependent gene transfer into primary rat
hepatocytes under calcium-depleted conditions. As shown in
Fig. 2, we observed that baculovirus-mediated gene transfer
into long-term primary rat hepatocytes was dose dependent,

but limited to peripheral cells, in medium containing calcium.
Similarly, we observed that, upon calcium depletion, the effi-
ciency of gene transfer was markedly increased in hepatocyte
islands; however, the latter studies were performed at an input
multiplicity of 400 PFU of CMV-lacZ baculovirus/cell. To de-
termine whether even greater gene transfer efficiency could be
achieved upon calcium depletion by increasing the dose of
baculovirus inoculation, primary rat hepatocyte cultures were
pretreated with control medium, calcium-free DMEM, or cal-
cium-free DMEM supplemented with 25 or 100 �M EGTA for
1 h. Cultures were then infected with increasing MOI of CMV-
lacZ baculovirus diluted in the corresponding medium for 1 h
and refed with control medium containing calcium. Cultures
were stained for �-Gal activity 24 h p.i. As shown in Fig. 10A,
a dose-dependent increase in baculovirus-mediated gene trans-

FIG. 8. Determination of the proper pretreatment time prior to infection affording the maximal baculovirus-mediated gene delivery efficiency.
At 20 days postseeding, primary rat hepatocytes were pretreated for the indicated times in either control medium (shaded bars), calcium-free
DMEM (open bars), or calcium-free DMEM supplemented with 25 �M EGTA (solid bars). Subsequently, cultures were infected for 1 h with 400
PFU of CMV-lacZ baculovirus/cell diluted in either control medium, calcium-free DMEM, or calcium-free DMEM supplemented with 25 �M
EGTA. At 24 h p.i., cultures were stained for �-Gal activity. The percent �-Gal-positive cells was determined for the total culture (A), the
peripheral cells (B), and the internal cells (C). Each bar represents the mean percent �-Gal-positive primary rat hepatocytes, with the standard
deviation, at the indicated pretreatment time prior to CMV-lacZ baculovirus infection.
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fer was observed. At each MOI, the percent �-Gal-positive
cells was greater with increased calcium depletion stringency.
The highest percent �-Gal-positive cells was observed in the
100 �M EGTA medium condition infected with 1,600 PFU of
CMV-lacZ baculovirus/cell. Whereas only approximately 9.7%
of cells were �-Gal positive in the control medium condition
when infection was at 1,600 PFU of CMV-lacZ baculovirus/
cell, approximately 75.6% of hepatocytes were positive in the
100 �M EGTA pretreatment and infection condition. No cy-
topathology was observed when cultures were infected with
1,600 PFU of CMV-lacZ baculovirus/cell (data not shown).

The percent �-Gal-positive peripheral cells increased
slightly with increasing MOI, but no significant difference was
observed between control and calcium depletion pretreatment
and infection medium conditions (Fig. 10B). In contrast, the
percent �-Gal-positive internal hepatocytes clearly increased
in a dose-dependent manner (Fig. 10C). As expected, the per-

centage of internal hepatocytes expressing �-Gal after gene
transfer also increased significantly with increased calcium de-
pletion stringency. For example, at 1,600 PFU of CMV-lacZ
baculovirus/cell, the percent positive internal cells under con-
trol medium conditions was approximately 1.2%, but it in-
creased to approximately 75.3% in calcium-free DMEM sup-
plemented with 100 �M EGTA. This represents a 65-fold
increase in internal cells positive for baculovirus-mediated
gene transfer (Fig. 10D). An even greater increase in internal
cells positive for baculovirus-mediated gene transfer compared
to the control medium condition of 105-fold was observed
when cultures were infected at 600 PFU of CMV-lacZ bacu-
lovirus/cell. As no significant difference in the percent �-Gal-
positive peripheral cells was observed between medium condi-
tions, the increase in total cells positive for gene transfer is
attributed to the increase in internal hepatocytes expressing
the delivered transgene.

FIG. 9. Detection of �-Gal activity at various times after infection of long-term cultures of primary hepatocytes following calcium depletion.
Twenty days postseeding, primary rat hepatocytes were pretreated in either control medium (light shaded bars), calcium-free DMEM (dark shaded
bars), or calcium-free DMEM supplemented with either 25 (open bars) or 100 (solid bars) �M EGTA for 1 h. Subsequently, cultures were infected
for 1 h with 400 PFU of CMV-lacZ baculovirus/cell diluted in either control medium, calcium-free DMEM, or calcium-free DMEM supplemented
with either 25 or 100 �M EGTA. At the indicated times p.i., cultures were stained for �-Gal activity. The percent �-Gal-positive cells was
determined for the total culture (A), the peripheral cells (B), and the internal cells (C). (D) Fold increase in internal �-Gal-positive cells following
extracellular calcium depletion relative to �-Gal-positive internal cells in the control medium. Each bar represents the mean percent �-Gal-positive
primary rat hepatocytes at the indicated time p.i., with the standard deviation.
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DISCUSSION

Based on the results presented in this paper, we conclude
the following. (i) The previously reported findings that bacu-
lovirus can mediate efficient gene transfer into primary hepa-
tocytes in short-term culture (4, 26, 40) have been reproduced
using a system in which primary rat hepatocytes are plated on
rat tail collagen-coated plates and fed a chemically defined
medium supplemented with DMSO. (ii) When hepatocytes in
DMSO culture migrate to form islands (approximately 8 to 10
days postseeding and thereafter), baculovirus-mediated gene
delivery is restricted to the peripheral (edge) cells. Reporter
gene expression is observed only in peripheral cells because the
baculovirus is able to gain entry only into peripheral cells. (iii)
Hepatocytes in islands in long-term DMSO culture are in a
dynamic state; that is, peripheral cells move to become exter-
nal cells and vice versa. (iv) Baculovirus-mediated gene trans-
fer efficiency in hepatocytes in long-term DMSO culture can be

enhanced by transient calcium depletion. The enhanced effi-
ciency is directly related to uptake of baculovirus by internal
cells in hepatocyte islands. The optimal method for calcium
depletion without toxicity varies depending on whether the
hepatocytes have been in culture for 10 days or for 20 to 30
days. (v) Baculovirus-mediated gene delivery is dose depen-
dent both with regard to peripheral cells and with regard to
internal cells. (vi) The findings described in this study make it
possible for the first time to use baculoviruses to deliver genes
at high efficiency to primary rat hepatocytes in long-term
DMSO culture; specifically, at a multiplicity of 1,600 PFU of
CMV-lacZ baculovirus/hepatocyte following transient calcium
depletion, �-Gal activity was detected in 75% of the cells. No
significant cytopathology was observed at the EGTA concen-
trations or MOIs affording the maximal gene transfer effi-
ciency. A previous study reported that cytopathology was not
observed when HepG2 cells were infected at a multiplicity of

FIG. 10. Increased dose-dependent gene transfer into primary rat hepatocytes under calcium-depleted conditions. Twenty-one days postse-
eding, primary rat hepatocytes were pretreated in either control medium (light shaded bars), calcium-free DMEM (dark shaded bars), or
calcium-free DMEM supplemented with either 25 (open bars) or 100 (solid bars) �M EGTA for 1 h. Subsequently, cultures were infected for 1 h
with the indicated MOI of CMV-lacZ baculovirus/cell diluted in either control medium, calcium-free DMEM, or calcium-free DMEM supple-
mented with either 25 or 100 �M EGTA. At 24 h p.i., cultures were stained for �-Gal activity. The percent �-Gal-positive cells was determined
for the total culture (A), the peripheral cells (B), and the internal cells (C). (D) Fold increase in internal �-Gal-positive cells following extracellular
calcium depletion over the level in control medium. Each bar represents the mean percent �-Gal-positive primary rat hepatocytes at the indicated
PFU of CMV-lacZ baculovirus/cell, with the standard deviation.
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5,000 PFU of baculovirus/cell (14). Therefore, it is possible
that the percentage of primary rat hepatocytes positive for
baculovirus-mediated gene transfer may be increased to �75%
if the MOI is increased to more than 1,600 PFU/cell.

It has previously been reported that recombinant baculovi-
rus containing a gene under the control of a mammalian pro-
moter could mediate delivery of that gene to primary rat hepa-
tocytes in short-term culture (4, 26, 40). Therefore, before
addressing the question for hepatocytes in long-term culture, it
was necessary to reinvestigate this finding in short-term pri-
mary rat hepatocytes plated on rat tail collagen and fed a
chemically defined medium supplemented with DMSO. In ad-
dition, the results of the studies in short-term cultures led to
some important novel conclusions. We determined that (i)
baculovirus is an efficient mechanism for gene delivery to pri-
mary rat hepatocytes fed a chemically defined medium supple-
mented with DMSO, (ii) this process is dose dependent and is
independent of the initial seeding density of the hepatocytes,
(iii) baculovirus-mediated gene transfer in short-term primary
rat hepatocytes is transient, and (iv) �-Gal activity is detectable
in 20 to 25% of the cells for at least 5 days after recombinant
baculovirus infection.

In carrying out experiments to determine the effect of time
in culture of hepatocytes in the DMSO culture system on
susceptibility to baculovirus-mediated gene transfer, it became
readily apparent that the dynamic movement of the hepato-
cytes into islands markedly affected gene transfer efficiency.
Time lapse photomicroscopy of hepatocytes plated on rat tail
collagen-coated dishes etched with gridlines had previously
indicated that hepatocytes in long-term DMSO culture exhibit
motility (H. C. Isom, unpublished data). The data reported in
this study, in particular those shown in Fig. 4, further support
this concept. Specifically, in studying the detection of �-Gal
activity over time p.i. in peripheral hepatocytes in long-term
DMSO culture, we found that cells expressing �-Gal disap-
peared from the island periphery and cells expressing �-Gal
appeared internally, suggesting that the peripheral cells had
migrated and become internal cells and vice versa. In addition,
the superinfection study (Fig. 3 and 4) indicated that once an
internal cell assumed the position of being a peripheral cell, it
became capable of being infected by baculovirus and hence a
recipient of the gene being transferred. This system should also
make it possible to monitor hepatocyte movement. Specifically,
if hepatocytes in long-term culture are infected with recombi-
nant baculovirus containing the gene for the green fluores-
cence protein (GFP), it should be possible with time lapse
fluorescence microscopy to monitor the movement of hepato-
cytes.

Although the ability to efficiently deliver exogenous genes to
hepatocytes in short-term DMSO culture using baculovirus is
important because it makes possible many gain-of-function
and loss-of-function studies that could not otherwise be
achieved, our goal was to pursue baculovirus-mediated gene
delivery to hepatocytes in long-term culture because of the
many advantageous characteristics of the long-term culture
system. Primary rat hepatocytes plated on rat tail collagen-
coated plates can be maintained in serum-free, chemically de-
fined medium supplemented with DMSO for more than 1 year
(28, 29). As in the in vivo liver, hepatocytes under routine
culture conditions retain hepatocyte morphology, secrete high

levels of albumin, and do not synthesize DNA or proliferate
(27, 28). The cells are mononucleated and binucleated, arrang-
ing themselves in specific patterns within multicellular islands
that do not completely fill the culture dish. Ultrastructural
analysis has shown that the hepatocytes contain large numbers
of mitochondria and extensive rough and smooth endoplasmic
reticulum, indicating that the cells are intact and metabolically
active (29). Cell-cell junctions with desmosomes are apparent,
as are numerous bile canaliculi with microvilli. The cells con-
tain regular circular nuclei with prominent nucleoli and a low
nucleus-to-cytoplasm ratio (7). This long-term culture system
has been used to study molecular mechanisms of albumin ex-
pression (28, 29), immortalization and transformation of hepa-
tocytes (49–51), and DNA synthesis (8, 41). This system also
lends itself to studies on cell death because there are essen-
tially no background apoptotic cells (3). The ability of hepa-
tocytes in long-term DMSO culture to retain liver-specific gene
expression and structural integrity at a plateau for a long time
is advantageous for many types of analyses. For example, the
cells can be treated with drugs, growth factors, or other agents
for extended times prior to the transient introduction of exog-
enous genes.

Restricted expression of the reporter gene to only the pe-
ripheral cells of cell islands in hepatocytes in long-term DMSO
culture was unexpected. Previously, we characterized the pe-
ripheral cells of hepatocytes in long-term culture and demon-
strated that they are the same as hepatocytes within the islands
with regard to albumin expression and ultrastructure (8).
Therefore, there was no a priori reason to believe that these
cells would differ with regard to gene expression or membrane
protein receptor composition. One possibility was that the
CMV promoter could function only in peripheral cells. This
option seemed unlikely because we had previously demon-
strated, using transfection with plasmid DNA, that a CMV
promoter was capable of driving the lacZ gene in hepatocytes
within islands as well as cells at the periphery (data not shown).
Although the transfection efficiencies are extremely low (1%
for calcium phosphate and 3% for lipofectin), we observed that
the distribution of �-Gal-positive cells was random. An alter-
native possibility was that the baculovirus was able to get into
peripheral cells only. Immunohistochemical analysis using an
antibody to the AcMNPV baculovirus indicated that this was
the case (Fig. 7). Our initial concern was that there was some
physical limitation causing preferential attachment of the bac-
ulovirus to the peripheral cells. However, altering several tech-
nical variables such as the volume of the virus inoculum used
for adsorption, time of adsorption, etc., had no effect (data not
shown).

We hypothesized that the baculovirus was only able to bind
to, and deliver its genome to, peripheral cells because cell-cell
junctions masked the baculovirus binding motif, preventing
baculovirus attachment to, and entry into, internal hepato-
cytes. Several studies have determined that disruption of cal-
cium-dependent intercellular junctions by EGTA, a calcium
chelator, improves viral infection efficiency in various tissues
and polarized cell cultures (15, 46–48). We can conclude from
this study that baculovirus, at least with regard to infection of
hepatocytes, can now be added to this list. Specifically, we
showed that the efficiency of gene delivery by a recombinant
baculovirus increased significantly when extracellular calcium
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was depleted using EGTA. Transient depletion of extracellular
calcium appears to overcome the inefficiency of baculovirus-
mediated gene transfer at the basolateral surface by opening
intercellular epithelial junctions. This technique may be appli-
cable for delivery of other vectors or drugs to polarized epi-
thelia or other tissues. In addition, this finding provides further
support for the concept that hepatocytes in long-term DMSO
culture have intercellular junctional complexes.

Intercellular junctional complexes separate the apical and
basal regions and enable epithelial cells to maintain cell po-
larity and an electrically tight barrier between epithelial and
endothelial cells. Junctional complexes found in rat hepato-
cytes include the calcium-dependent tight junctions, adherens
junctions, and desmosomes, as well as gap junctions, the activ-
ity of which is independent of extracellular calcium stores (2,
21, 22, 38, 43, 44). Tight junctions, partially composed of oc-
cludin and zona occludens among other proteins, are the api-
cal-most complexes that form continuous contacts and limit
paracellular movement of molecules between neighboring cells
(13, 37, 48). Adherens junctions are specialized cadherin-based
adhesive contacts located below the tight junction in the junc-
tional complex. The binding of cadherins to cytoplasmic
catenins, in association with the actin cytoskeleton, couples
cell-cell adhesion to tissue morphology (52). Below the adhe-
rens junctions are the desmosomes, which are button-like
structures composed of the calcium-binding desmoglein and
desmocollin glycoproteins. Desmosomes mediate cell-cell ad-
hesion and provide anchoring sites for cytoplasmic intermedi-
ate filaments (13, 48). The importance of calcium in the syn-
thesis and maintenance of epithelial tight junctions, adherens
junctions, and desmosomes has been well established (1, 9, 13,
48). Therefore, depletion of extracellular calcium by chelators,
such as EGTA, opens the interhepatocellular epithelial junc-
tional complexes. This exposes the basolateral surfaces of in-
ternal hepatocytes within islands in long-term DMSO culture
to baculovirus infection and subsequent gene delivery.

The mechanism by which baculovirus DNA is introduced
into a mammalian cell has been partially elucidated. Although
the binding motif responsible for baculovirus endocytosis in
mammalian cells is currently unknown, heparan sulfate is re-
quired for efficient gene transfer (14). The data presented in
this study demonstrate that at least in some cell types, such as
hepatocytes, entry of the baculovirus may require contact with
the basolateral surface. After endocytosis, the acidification of
the endosome releases the baculovirus into the cytoplasm,
where it localizes to the nucleus in an actin-dependent manner.
Baculovirus then enters through the nuclear pores in nonmi-
totic cells, and hence baculovirus can enter and release its
genome into the nuclei of nondividing cells (45).

The question of whether baculovirus can infect nondividing
mammalian cells has been addressed recently. Van Loo et al.
(45) demonstrated that baculovirus infects nondividing mam-
malian epithelial pig kidney cells (Pk-1) arrested in S phase.
Pk-1 cells were infected with baculovirus expressing GFP 12 h
after seeding in the presence of aphidicolin, a reversible inhib-
itor of DNA polymerase, and were analyzed for GFP expres-
sion 12 h after infection. Pk-1 cells arrested in G1/S were
infected as efficiently as unarrested cells. Electron microscopy
showed that the baculovirus nucleocapsids, containing the
electron-dense genome, appear to dock on the nuclear pores of

infected cells and enter the nuclei of the cell cycle-arrested
Pk-1 cells. While this evidence indicated that baculovirus is
able to infect nondividing cells, cell division of Pk-1 cells was
inhibited by aphidicolin treatment. Primary rat hepatocytes
plated on rat tail collagen-coated plates and maintained in a
serum-free, chemically defined medium supplemented with
DMSO do not synthesize DNA or proliferate under routine
culture conditions (27–29) and, as such, represent a more nat-
ural system which does not require the use of a cell cycle
inhibitor to address this question. Our data show that baculo-
virus infects nondividing primary rat hepatocytes, presumably
releasing its genome into the nucleus, as evidenced by expres-
sion of the recombinant lacZ transgene contained within the
baculovirus genome. Therefore our findings confirm and ex-
tend previous work showing that nondividing mammalian cells
can be infected by baculovirus.

Initial studies suggested that baculovirus-mediated gene
transfer to mammalian cells could be achieved predominantly
in hepatic cells (4, 26). Continued analysis has shown that
baculovirus can infect and mediate gene transfer to cell types
other than hepatic cells (14, 36, 42, 45). However, this system
has not proven applicable to all cell types. Our finding regard-
ing the need for transient breakage of intercellular linkages to
allow baculovirus to enter hepatocytes may be applicable to
other cell types previously thought not to be infectible by
baculovirus.

The baculovirus has several features that make it attractive
as a vehicle for gene transfer: (i) it can harbor very large pieces
of DNA (20, 34), (ii) large quantities of recombinant baculo-
virus can easily be produced and purified from cultured insect
cells, (iii) baculovirus can efficiently infect nondividing cells,
and (iv) baculovirus is not cytopathic. For these reasons, it was
particularly important to establish whether baculovirus could
be used to deliver genes to hepatocytes in long-term DMSO
culture. We conclude from this study that recombinant bacu-
lovirus infection following transient depletion of extracellular
calcium results in delivery of exogenous genes to at least 75%
of hepatocytes in long-term DMSO culture, thereby making it
possible for the first time to carry out gain-of-function and
loss-of-function studies in this cell system.
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