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Abstract Lipid rafts are special microdomains in the
plasma membrane. They are enriched in sphingolipids and
cholesterol, playing critical roles in many biological pro-
cesses. The purpose of this study is to analyze the
requirement of cholesterol, a crucial component of lipid
rafts for cell infection by pseudorabies virus (PrV). Cho-
lesterol of plasma membrane or viral envelope was
depleted with methyl-beta-cyclodextrin (MBCD), and the
infectivity of three strains of PrV was determined with
plaque assays. The effect of adding cholesterol to MCD-
treated cells and viruses on cell infection was analyzed.
Furthermore, effect of post-adsorption cholesterol deple-
tion on PrV infection was investigated. We show that
cholesterol depletion of either the plasma membrane or the
viral membrane by MpPCD significantly impaired the
infectivity of PrV strains Kaplan, Becker, and Bartha K-61.
The virus was shown to have lower cholesterol content and
to respond to lower MBCD concentrations. Exogenous
cholesterol added to either MBCD-treated cells or virions
partially restored the virus infectivity. Optimal PrV infec-
tion requires cholesterol in viral and plasma membranes.

X. Ren (X)) - G. Li

College of Veterinary Medicine, Northeast Agricultural
University, 59 Mucai Street, Harbin 150030, China
e-mail: rxfemail @yahoo.com.cn; renxf@neau.edu.cn

J. Yin
College of Life Sciences, Northeast Agricultural University,
59 Mucai Street, Harbin 150030, China

G. Herrler
Institute for Virology, University of Veterinary Medicine
Hannover, Buenteweg 17, 30559 Hannover, Germany

Introduction

Pseudorabies virus (PrV) is an enveloped virus and a
member of alphaherpesviruses. It causes Aujeszky’s
disease (AD) in its natural host (pig). In susceptible
species, PrV infection is often fatal, and animals die
from central nervous system disorders [10]. The PrV
genome consists of linear, double-stranded, non-circu-
larly permuted DNA molecules, and is closely similar to
that of the prototypical herpes simplex virus (HSV). The
PrV envelope contains at least 10 different viral glyco-
proteins. In PrV-infected cells, newly synthesized viral
envelope glycoproteins travel from the endoplasmic
reticulum via the Golgi network to the plasma mem-
brane, rendering the cells recognizable for virus-specific
antibodies [5].

Lipid rafts are special microdomains with distinct lipid
and protein composition in the plasma membrane (PM).
They are enriched in sphingolipids and cholesterol, and
play a critical role in many biological processes [2, 21]. It
has been documented that the lipid composition of enve-
lopes from a variety of viruses is distinct from that of the
host PM from which they are derived, leading to the
hypothesis that viruses may bud from specific PM micro-
domains [18, 20].

Methyl-f-cyclodextrin (MiCD) is able to deplete the
plasma membrane cholesterol and has been used to show
the importance of cholesterol/lipid rafts for the entry of
different viruses [3, 8, 16, 17, 19, 22]. Monospecific
antibody-induced patching of some PrV glycoproteins
indicated that the antibody-induced patches were enriched
in monosialoganglioside GM1 (GM1), a marker of lipid
raft microdomains, but were excluded for transferrin
receptor, a non-raft marker, suggesting that these viral
proteins associate with lipid rafts to a different extent.
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However, addition of MBCD only slightly reduced co-
patching efficiency between the different viral proteins,
indicating that other factors, perhaps tegument—glycopro-
tein interactions, may be important for the observed co-
patching events [5]. Recently, it has been reported that
cholesterol in the plasma membrane is required for effi-
cient PrV entry [4]. Here, we confirm the importance of
cholesterol in plasma membrane and extend these findings
by (i) quantifying the decrease of the cholesterol content
and (ii) by showing that three different strains are affected
in the same way. Furthermore, we show for the first time
that cholesterol depletion from the viral membrane is also
detrimental for PrV infection.

Materials and Methods
Cells and Viruses

African green monkey kidney cells (Vero) and baby
hamster kidney cells (BHK21) were maintained in Dul-
becco Modified Eagle’s medium (DMEM) and Minimum
Essential Medium (MEM), respectively, supplemented
with 5% fetal calf serum (FCS, Excell Bio, Shanghai).
PrV strain Bartha K-61 was available. The Kaplan and
Becker strains of PrV were achieved by standard cell
transfection procedure using Lipofectamine 2000 trans-
fection reagent (Invitrogen, USA). The full-length gen-
omes of PrV strains Kaplan and Becker were provided by
Prof. Lynn Enquist and Ms. Marlies G. Eldridge,
Princeton University, Princeton, USA. The PrV strains
and vesicular stomatitis virus (VSV, strain Indiana) were
propagated in Vero and BHK21 cells, respectively. All
viruses used for the experiments were grown in serum-
free medium.

Depletion and Replenishment of Cholesterol from Cells

In order to deplete cellular plasma membrane cholesterol,
2 x 10° cells diluted in 1 ml medium containing 5% FCS
were seeded per well of 24-well plates and incubated in a
CO,-incubator overnight. The next day, the cells were
washed two times with phosphate-buffered saline (PBS)
and incubated with serum-free DMEM in the absence
(control cells) or presence (treated cells) of the indicated
amounts of MBCD (Sigma, China) at 37°C. After 30 min,
MfCD was removed by washing the cells three times with
PBS. For cholesterol replenishment, the cells were treated
with 12 mM MpSCD, and the cholesterol-depleted cells
were incubated with the indicated amounts of cholesterol
(Sigma, China) to final concentrations ranging from 50 to
500 pM for 30 min at 37°C.
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Depletion and Replenishment of Cholesterol
from Virus

In order to extract viral cholesterol, aliquots of virus sus-
pensions with a titer of 2 x 10° pfu/ml were treated with
the indicated amounts of MSCD at 37°C for 30 min. For
cholesterol replenishment, viral cholesterol was depleted
with 1.2 mM MJCD, and then virions were incubated with
cholesterol as described above.

Infection of Cells

Virus plaque assays were performed as previously descri-
bed [11, 12, 23]. Briefly, to analyze the effect of plasma
membrane cholesterol depletion on virus infection, MCD-
treated or mock-treated cells on 6-well plates were infected
with 250 pl virus dilutions in medium at a multiplicity of
infection (MOI) of 1 at 37°C for 1 h. Then, the cells were
covered with 2.5 ml methylcellulose (Sigma, China) (1%
(w/v) in medium). After incubation for 3648 h, the
overlaid medium was removed, and the cells were washed
with PBS. After fixation with 3% paraformaldehyde in PBS
(1 ml/well) for 30 min at room temperature, the cells were
stained with 1% crystal violet (w/v) diluted in 5% ethanol
in PBS for 20 min. After thorough washing, the virus titer
in plaque-forming units (pfu) was calculated based on the
recorded plaque number. In order to analyze the infection
of cells after cholesterol replenishment, the cholesterol-
replenished and non-replenished cells were washed three
times with PBS, and then 250 pl of the virus suspensions at
an MOI of 1 was added to the cells at 37°C for 1 h. Sub-
sequently, cells were washed three times, overlaid with
methylcellulose, and kept at 37°C for 48 h prior to plaque
assays as above.

In order to analyze infection efficiency after cholesterol
extraction of viruses, the cells were washed three times
with PBS and then were infected with 250 ul MpBCD-
treated or mock-treated viruses, respectively, at 37°C for
1 h. The inoculums were diluted 10°-fold to avoid adverse
effects of MPCD on cells. In order to analyze infection
efficiency after viral cholesterol replenishment, 250 pl
cholesterol-replenished or non-replenished virus suspen-
sions were used to infect cells at 37°C for 1 h. Then the
cells were subjected to plaque assays as above.

Determination of Cholesterol

In order to determine the cholesterol content of plasma
membranes, cells grown on 6-well plates were treated with
MJpCD at various concentrations as above. In parallel,
confluent Vero cell monolayers were replenished with
exogenous cholesterol, after they had been treated with
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12 mM MpCD. Then, the cells were washed three times
with PBS, trypsinized, and centrifuged at 1400 rpm at 4°C
for 10 min. The cells were resuspended in PBS and sub-
jected to cell counting. Equal cell numbers of the samples
(3.3 x 10* cells/sample) were pelleted at 3000 rpm at 4°C
for 5 min. Subsequently, the plasma cholesterol concen-
trations were determined with Amplex® Red Cholesterol
Assay Kit (Molecular Probes, USA), according to the
manufacturer’s instructions.

In order to determine viral cholesterol content, 1 ml PrV
particles (2 x 107 pfu/ml) were sedimented by ultracen-
trifugation at 165,000x g at 4°C for 1 h. The pellets were
suspended in 100 pl PBS. Seventy-five microliters of virus
suspension was mixed with equal volume lysis buffer,
incubated with 150 pl work solution, and subjected to the
cholesterol assay as described above.

Effect of Post-Adsorption Cholesterol Depletion
on the PrV Production

Cell monolayers in 12-well plates were washed with PBS
and then infected with viruses at an MOI of 1 at 37°C.
Then, 12 mM MfCD was added to the infected cells at 4,
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Fig. 1 Determination of cholesterol. a After Vero cells were treated
with MPCD of various concentrations, the cellular cholesterol content
was determined with a colorimetric reaction based kit. b The recovery
of cellular cholesterol was measured using the same kit. ¢ After PrV
was treated with MSCD of various concentrations, the viral

8, 12, 16, 20, 24, 28, or 32 h post-infection. Mock-treated
cells were used as control. Then, the cell supernatant was
collected and subjected to plaque assays for determining
the virus infection efficiency as above.

Results
Reduction of Cholesterol Content by MCD

In order to determine the effect of cholesterol on virus
infection, we depleted cholesterol from either the viral or
the cellular membranes by MpPCD. The efficiency of
MJCD to deplete cholesterol from the plasma membrane is
shown in Fig. 1la. MBCD treatment of cells resulted in a
dose-dependent reduction of the cholesterol content in the
plasma membrane. The amount of cholesterol was reduced
by about 60% at a concentration of 12 mM MfCD. As
shown in Fig. 1b, adding cholesterol to depleted cells
resulted in an increase of the cholesterol content. At a
concentration of 500 uM, the cholesterol values of the
plasma membranes were similar to the values determined
prior to MSCD treatment.
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cholesterol was determined with the cholesterol determination Kkit.
d The MpCD-treated viruses were replenished with exogenous
cholesterol and the viral cholesterol was measured. It is noted that all
the viruses gave the similar results, and the representative results were
from PrV Kaplan strain
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MfCD was also effective in depleting cholesterol from
the viral membrane. Incubation of PrV with the drug
resulted in a dose-dependent decrease of the viral choles-
terol content. At 1.2 mM, the amount of cholesterol in the
virions was reduced by 65% (Fig. 1c). When cholesterol-
depleted viruses were incubated with exogenous choles-
terol, the viral cholesterol recovered to values measured
prior to depletion by MBCD (Fig. 1d).

Importance of Cholesterol for PrV Infection

In order to determine the effect of plasma membrane
cholesterol on virus infection, MSCD-treated cells were
infected with three different strains of PrV. As shown in
Fig. 2a, PrV infectivity was reduced in a dose-dependent
manner. At a concentration of 12 mM MSCD, the infection
rate was reduced by about 80%. There was no major dif-
ference between the three strains analyzed, Becker, Kaplan,
and Bartha K-61. In contrast, infectivity of VSV was not
decreased by cholesterol depletion. In order to confirm the
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Fig. 2 Importance of cholesterol on virus infection. Cells were
treated with MBCD concentration range from 0 to 15 mM, and then
cells were infected with three strains of PrV or VSV. The virus
infection efficiency is shown in a. Vero cells treated with 12 mM
MpCD were replenished with 50-500 pM exogenous cholesterol and
then were subjected to PrV infection. The recovery of the viral
infectivity is shown in b. The 100% infectivity values of PrV and
VSV represent average plaque numbers of 300 and 150, respectively.
Results are mean values of three independent experiments with
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importance of cellular cholesterol for PrV infection, we
analyzed the effect of cholesterol replenishment on the
susceptibility of the cells to infection. As shown in Fig. 2b,
addition of cholesterol to depleted cells resulted in a dose-
dependent increase of the infectivity values. At 500 uM
cholesterol, the increase of the infectivity was about three-
to four folds.

The effect of viral cholesterol on PrV infection is shown
in Fig. 2c, and all three strains of PrV showed the same
sensitivity to MfSCD treatment. At a concentration of
1.2 mM, the viral infectivity was reduced by about 95%.
The infectivity of control VSV was not affected by MCD
treatment significantly. In order to find out whether the
effect of cholesterol depletion was reversible, virus was
treated with 1.2 mM MpSCD followed by the addition of
exogenous cholesterol. As shown in Fig. 2d, replenishment
of cholesterol resulted in an increase of the infectivity of
MpCD-treated PrV. At a concentration of 500 pM exoge-
nous cholesterol, viral infectivity recovered up to 60%
value of that determined prior to cholesterol depletion.
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standard deviation. PrV and VSV were treated with MSCD range
from 0 to 1.5 mM, and the MBCD-treated viruses were used to infect
cells. The infectivity of the viruses is provided in ¢. The PrV particles
were treated with MPCD at the concentration of 1.2 mM and
replenished with the exogenous cholesterol at the concentration
ranging from 50 to 500 uM. d After replenishment, the infectivity of
the viruses is determined. The 100% infectivity values of PrV and
VSV represent average plaque numbers of 300 and 150, respectively
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Fig. 3 Effect of cholesterol depletion on the virus release. Vero cells
were infected with viruses at an MOI of 1 at 37 C. Then, 12 mM
MpCD was used to treat the infected cells at 4, 8, 12, 16, 20, 24, 28,
or 32 h post-infection. Mock-treated cells were used as control. The
number of plaques refers to the mean number of plaques of three
wells

Effect of Post-Adsorption Cholesterol Depletion on PrV
Infection

The cholesterol in plasma membrane was depleted at var-
ious time points post-infection, and then the amount of
infectious viruses released into culture supernatant was
determined. The results showed that addition of MBCD to
virus-infected cells did not decrease the virus titer deter-
mined in the medium (Fig. 3).

Discussion

For enveloped viruses, the fusion between the viral enve-
lope and cellular membrane is a key step in the initiation of
an infection. Cholesterol appears to play an important role
in this process. The dependence of some viruses on cho-
lesterol is restricted to either of the two membranes. In-
fectivities of influenza virus and canine distemper virus
(CDV) are inhibited when cholesterol is depleted from the
viral membrane [8, 24]. Infection by ecotropic murine
leukemia virus is affected by depletion of cholesterol from
the target cell [14]. In the case of human immunodeficiency
virus (HIV), the infection is sensitive to variations in both
the viral and PM cholesterol [13, 15]. The role of lipid rafts
in cell infection by several herpesviruses including HSV,
varicella-zoster virus (VZV), human herpesvirus 6
(HHV®6), and Epstein-Barr virus (EBV) has been investi-
gated [1, 6, 7, 9, 25]. These findings show that these viruses
resemble HIV in that both viral and PM cholesterol are
required for virus infection. Recently, it is shown that
MfiCD-mediated cholesterol depletion of PM specifically
impairs entry of PrV [4]. We have confirmed this finding
and extended it (i) by relatively quantifying the cholesterol

changes induced by MBCD-treatment and (ii) by showing
that cholesterol dependence is not a strain-dependent fea-
ture of PrV entry. PrV Bartha strain is not only deleted in
gE, but also in gl and in Us9 and mutated in gC, and differs
in the genetic background from the other two PrV strains.
In our experiments, these strains showed similar sensitivi-
ties to MPCD treatment and cholesterol replenishment,
indicating cholesterol depletion from either cells or viruses
affects the infectivity of PrV. From these data and those
reported by other groups, it appears that requirement for
cholesterol is a general feature for herpesvirus entry.
Cholesterol-containing membrane microdomains may
serve as specialized platforms for the initiation of infection.
They may be especially important for herpesviruses where
a group of surface proteins interact to achieve attachment
to and penetration into cells.

For the first time, we have relatively quantified the
extent of cholesterol reduction that is associated with an
impairment of the infection process. In this study, we found
that the virions were more sensitive to MSCD treatment
than cells as far as the initiation of infection is concerned.
In the cholesterol assays, we found that the cholesterol
content of both plasma and viral membranes was gradually
decreased with the increase of MSCD concentration. The
addition of exogenous cholesterol enhanced the cholesterol
content of both membranes and restored virus infectivity in
a dose-dependent fashion. The changes of membrane
cholesterol are correlated with the PrV infectivity, sup-
porting the conclusion that cholesterol dependence of PrV
infection. Our recent report indicates that cell infection by
transmissible gastroenteritis coronavirus (TGEV), inter-
acting with host cells via its S glycoprotein, is also
dependent on the cholesterol in both plasma and viral
membranes [19]. Compared with TGEV, there are more
viral glycoproteins on the surface of PrV, and efficient
virus infection may be mediated by one or more glyco-
protein complex. Cholesterol may be an indispensable
molecule involved in such process, nevertheless, we cannot
exclude the possibility that the reduction in virus infectivity
is a direct effect of cholesterol on PrV fusion activity.

The finding that in the case of virions lower concen-
trations of MBCD result in a reduction of infectivity may
be explained by the intracellular maturation of PrV. Like
herpesviruses, in general, PrV matures by a budding pro-
cess at membranes of the trans-Golgi network (TGN).
Intracellular membranes are known to contain less cho-
lesterol than the plasma membrane. As the envelope of Prv
is derived from an intracellular membrane, it is expected to
have lower cholesterol content than a viral envelope
derived from the plasma membrane. Therefore, lower
amounts of MBCD are required to deplete cholesterol from
the PrV envelope compared to cholesterol depletion from
the plasma membrane. This explanation is also consistent
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with our finding that MSCD treatment of infected cells, i.e.
after the step of virus adsorption, did not affect virus
infectivity.
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