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Herpesviruses enter cells by a yet poorly understood mechanism. We visualized the crucial steps of the entry
pathway of bovine herpesvirus 1 (BHV-1) and BHV-5 by transmission and scanning electron microscopy,
employing cryotechniques that include time monitoring, ultrarapid freezing, and freeze substitution of cultured
cells inoculated with virus. A key step in the entry pathway of both BHV-1 and BHV-5 is a unique fusion of the
outer phospholipid layer of the viral envelope with the inner layer of the plasma membrane and vice versa
resulting in “crossing” of the fused membranes and in partial insertion of the viral envelope into the plasma
membrane. The fusion area is proposed to function as an axis for driving the virus particle into an invagination
that is concomitantly formed close to the fusion site. The virus particle enters the cytoplasm through the
opened tip of the invagination, and the viral envelope defuses from the plasma membrane. There is strong
evidence that the intact virus particle is then transported to the nuclear region.

Cell entry of herpesviruses is mediated by various glycopro-
teins of the viral envelope (29, 31). Herpesviruses are generally
believed to enter cells via fusion of the viral envelope with the
plasma membrane, whereby the nucleocapsid and the tegu-
ment proteins gain access to the cytoplasm (6, 8, 21, 30) or by
endocytosis (8). The entry pathway and fusion mechanism of
other enveloped viruses such as human immunodeficiency vi-
rus (HIV), Sendai virus, and influenza virus are well docu-
mented (for reviews, see references 11, 13, 26, and 40). HIV
and influenza viruses need only one glycoprotein that mediates
both cell binding and fusion. Sendai viruses require two glyco-
proteins for cell entry; one mediates binding, the other medi-
ates fusion. Influenza viruses enter cells by endocytosis. They
are released into the cytoplasm by fusion of the viral envelope
with the membrane of the endocytotic vacuole. Sendai virus
and HIV enter cells by fusion of the viral envelope with the
plasma membrane. Herpesviruses require a not clearly defined
number of glycoproteins (29, 31) that mediate binding (4, 19,
20, 39, 43), fusion (27, 35), and penetration (7, 27). Recently,
it was shown that four glycoproteins of herpes simplex virus
type 1 (HSV-1) are necessary and essential for membrane
fusion (35). The involvement of more than two glycoproteins
suggests a complicated mechanism for binding, fusion, and/or
penetration. To our knowledge, fusion of the herpesvirus en-
velope with the plasma membrane per se has never been dem-
onstrated. The hypothesis is based on electron microscopy of
specimens obtained by conventional preparation protocols that
revealed enveloped virus particles in close apposition to the
outer cell surface and naked nucleocapsids within the cyto-
plasm close to the plasma membrane shortly after incubation
of cells with pseudorabies virus (8), HSV-1 (6, 21, 24, 30), or
human cytomegalovirus (33) at 37°C.

Conventional protocols for electron microscopy include fix-
ation by glutaraldehyde (and formaldehyde) and osmium te-
troxide at 4 to 24°C, dehydration with ethanol or acetone,
embedding in epoxy resins at room temperature, and polymer-
ization at 60 or 80°C. Glutaraldehyde reacts more rapidly with

proteins than does formaldehyde (5, 9), but it is far too slow
considering the time range of milliseconds that membranes
need to fuse (14, 18). Further, glutaraldehyde, which is com-
monly used as primary fixative for ultrastructural research,
does not react with lipids. A substantial amount of lipids (1, 38)
and even membranous compartments (41) are lost during fur-
ther processing, despite the postfixation with osmium tetroxide.

During the last decade low-temperature methods were es-
tablished that allow immediate stopping of cellular processes
by rapid freezing and further processing such as freeze substi-
tution without a substantial loss of material (12, 15, 25, 28, 36,
37). Biological material may be frozen by plunging it into liquid
propane (3). Ultrarapid freezing followed by freeze etching
allowed the study of fusion events of influenza virus (14). To
visualize the entry pathway of herpesviruses, we adapted a
methodology that allowed us (i) to monitor the incubation of
cells with virus in the range of seconds, (ii) to arrest the entry
process within milliseconds at any desired time by plunging the
incubated cells into liquid propane, and (iii) to keep cellular
material in place (42) for visualizing various stages of the entry
process after freeze substitution by both transmission and scan-
ning electron microscopy. We will show that both bovine her-
pesvirus 1 (BHV-1) and BHV-5 enter cells by a unique fusion
of the viral envelope with the plasma membrane followed by
movement into the cytoplasm through a perforation of the
plasma membrane.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby bovine kidney (MDBK) cells were grown in
minimum essential medium (Gibco, Bethesda, Md.) containing Hank’s salts and
10% fetal calf serum (Gibco). BHV-1 and BHV-5 were propagated in MDBK
cells and concentrated by centrifugation at 1,000 3 g for 15 min in Centricon
Plus-20 centrifugal devices (100 kDa; Millipore Corp., Bedford, Mass.).

Incubation and electron microscopy. MDBK cells were grown for 2 days on
sapphire disks 3 mm in diameter (Bruegger, Minusio, Switzerland) covered with
a 9- to 10-nm-thick layer of carbon. Cells were inoculated with BHV-1 or BHV-5
at a multiplicity of infection of 150 to 200 and kept at 4°C for 1.5 h to admit
adsorption. For incubation at 37°C, the sapphire disks covered with inoculated
cells were rapidly transferred one by one to a guillotine within a humid chamber
placed directly above a container filled with liquid propane. They were then
plunged into the liquid propane after a delay of 1 to 90 s. Alternatively, the
sapphire disks were first placed in medium at 37°C for 1 to 30 min prior to being
transferred to the guillotine for freezing. Once frozen, the cells were substituted
with acetone in the presence of 0.25% glutaraldehyde and 0.5% osmium tetrox-
ide at 290°C for at least 4 h. Then, the temperature was slowly raised (5°/h) to
0°C and kept there for 1 h.
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For transmission electron microscopy, cells were washed briefly with pure
acetone at 4°C, embedded in Epon at 4°C within 6 h, and polymerized at 60°C for
2 days. Ultrathin sections were stained with uranyl acetate and lead citrate and
then examined in a Philips CM12 electron microscope (Eindhoven, The Neth-
erlands) equipped with a slow-scan closed coupled device camera (Gatan, Pleas-
anton, Calif.).

For scanning electron microscopy, freeze-substituted cells were washed with
acetone, placed in hexamethyl-disilazane (Fluka, Buchs, Switzerland) for 2 to 5
min, transferred into a vacuum unit for coating with gold-palladium (at an angle
of 60°), and immediately examined in a Philips CM12 scanning transmission
electron microscope utilizing the secondary electrons. Digital images were re-
corded by the digital aquisition system Digiscan (Gatan). Uninfected cells were
used as controls.

RESULTS

Cryoimmobilization followed by freeze-substitution resulted
in a distinct appearance of the membrane bilayers that enabled

us to investigate the cell entry pathway despite the occasionally
perturbed cytoplasmic architecture due to ice crystal forma-
tion. BHV-1 and BHV-5 follow similar pathways of cell entry
(Fig. 1 to 3). The process, verified by about 180 observations,
may be subdivided into four phases: attachment, fusion, per-
foration and penetration, and defusion and intracellular trans-
port.

Attachment. Virions observed between 0 and 30 s after in-
cubation at 37°C were all extracellular; some were in close
proximity to the plasma membrane (Fig. 1A; Fig. 2A). These
virions were considered to be in the attachment phase.

Fusion. After 30 to 40 s of incubation at 37°C the envelope
of some virions was found to be partially fused with the outer
plasma membrane, so that only three layers of the two bilayers
were visible (Fig. 1B; Fig. 2B and C), suggesting that only the

FIG. 1. Transmission electron micrographs of BHV-1 entering MDBK cells. Panels A to E show attachment (A); fusion of the outer layer of the viral envelope with
the outer layer of the plasma membrane (B); and fusion of the outer layer of the viral envelope with the inner layer of the plasma membrane and vice versa, resulting
in a crossing (arrows) of the membranes (C to E). Panels E to L show various stages of invagination and perforation of the plasma membrane, including loss of
membrane integrity close to the fusion site (E); virus particles just above a small invagination (F and G); the viral envelope being connected to the plasma membrane
above an invagination (H [thick tangential section]), at the edge of an invagination (I), above a wide complicated invagination (K), and at the entrance of an invagination
(L); the integrity of the plasma membrane is lost at the tip of the invagination but is crossed (panel L, arrow) just beside the virus particle. In panels M and N, virions
are within the cytoplasm, and the envelope is associated with the plasma membrane, of which more than two layers are visible (arrow), indicating folds (M); a location
close to a nuclear pore is shown (N [tangential section]), with the outer (o) and inner (i) nuclear membranes and Golgi membranes (g) indicated. Bar, 150 nm.
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outer layer of the viral envelope had fused with the outer layer
of the plasma membrane. Complete fusion was found as early
as 45 s after the start of incubation. Complete fusion was
always seen as fusion of the outer layer of the viral envelope
with the inner layer of the plasma membrane and vice versa
(Fig. 1C to E; Fig. 2C) that resulted in a “crossing” of the
membranes at and beside the fusion site. This unique fusion
resulted in a partial insertion of the viral envelope and in the
formation of plasma membrane folds, as verified by scanning
electron microscopy (Fig. 3).

Perforation and penetration. Invagination and/or perfora-
tion of the plasma membrane close to the fusion site was
observed to occur after 40 s of incubation (Fig. 2C). Later,
virions were found either at the edges (Fig. 1F, I, and K), above
(Fig. 1G, H, and K; Fig. 2A, D, and E), or within invaginations
(Fig. 1L). The envelope was often seen to be associated with
the plasma membrane (Fig. 1F to K; Fig. 2A, D, and E).
Scanning electron microscopy of cells frozen after 50 to 70 s of
temperature shift revealed viruslike particles (250 to 290 nm),
whose surfaces continuously ran into the cell surfaces at the
sites of bands and folds (Fig. 3). There were indentations or
holes beside the viruslike particles. Some of these particles
were situated at the edge of the holes, suggesting that these
particles were entering the cell by rotation around the folds
that originated by fusion of the viral envelope with the plasma
membrane (Fig. 3D). In uninfected cells no roundish particles
of this size were observed.

Defusion. Enveloped virions were found within the cyto-
plasm after 50 s of incubation. The envelope was associated
(Fig. 1M) or fused (Fig. 2E) with the plasma membrane. Later,
enveloped virions were found within the cytoplasmic matrix
(Fig. 2F); occasionally, they were close to the nucleus in front
of a nuclear pore (Fig. 1N).

DISCUSSION

The high spatial and temporal resolution yielded data that
indicate a novel entry pathway of BHV-1 and BHV-5 into
MDBK cells, including a unique fusion of the viral envelope
with the plasma membrane, invagination and perforation of
the plasma membrane, and entry of the whole enveloped virus
particle into the cytoplasm.

The complex entry pathway of herpesviruses starts by attach-
ment of the virus particle to the cell surface via the binding of
glycoproteins (19, 20, 43, 44) to receptors of the plasma mem-
brane (4, 10, 34, 39). The findings obtained by cryotechnique-
based electron microscopy suggest that, after BHV-1 and
BHV-5 are bound, the outer layer of the viral envelope fuses
with the outer layer of the plasma membrane (Fig. 1B and 2B).
Whether the fusion of the two outer layers equals hemifusion
(16, 23) is doubtful, since hemifusion proceeds in pore forma-
tion (22, 32). During the entry of BHV-1 and BHV-5, the
initial fusion proceeds in a fusion of the outer layer of the viral
envelope with the inner (cytoplasmic) layer of the plasma

FIG. 2. Transmission electron micrographs of BHV-5 entering MDBK cells. Virus particles attached to the plasma membrane (A, right), associated with the plasma
membrane (left), and located above a small invagination of the plasma membrane beside a microvillus (m) are shown. Panels B to D show fusion of the outer layer
of the viral envelope with the outer layer of the plasma membrane (B [tangential section]); complete fusion of the viral envelope with the plasma membrane forming
a short crossing (arrow) and a “trilayer” (between the arrow and the arrowhead), loss of membrane integrity, and the early signs of perforation at the base of a
microvillus (C); and virus particles above a small invagination (D [tangential section]) and in association with the undulated plasma membrane (right). Panel E
(tangential section) shows a virion within the cytoplasm; the envelope is fused (arrowhead) with the plasma membrane, and, apart from the fusion site, the cytoplasmic
matrix seems to leak through the perforated plasma membrane (arrows). In panel F, an enveloped virus particle within the cytoplasm can be seen. Bar, 150 nm.
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membrane and vice versa, resulting in formation of a “cross-
ing” (Fig. 1C and D; Fig. 2C). Figure 4 schematically outlines
the fusion area. The hydrophilic and hydrophobic nature of
phospholipids demands that the phospholipids of the outer
layer of the viral envelope must be driven into the outer phos-
pholipid layer of the plasma membrane and finally through it,
a process possibly mediated by one or more of the glycopro-
teins that are assumed to act as fusion proteins (6, 27). The
splitting of the phospholipid layers for subsequent fusion may
require specific domains at both sites, the plasma membrane
and the viral envelope, and a specific mechanism for triggering
and accomplishing fusion.

The envelope of herpesviruses is believed to originate by
wrapping of the Golgi membranes (reference 8 and unpub-
lished data). If so, the viral envelope is an inside-out particle.
It is principally able to fuse with the plasma membrane, main-
taining transmembrane asymmetry (2), e.g., as shown previ-
ously for the fusion of influenza virus with liposomes (17).
Fusion of the herpesvirus envelope with the plasma membrane

results in a partial insertion of the viral envelope into the
plasma membrane. For geometric reasons, folds of the plasma
membrane must arise, as was clearly shown by transmission
(Fig. 1C, D, and L; Fig. 2D) and scanning electron microscopy
(Fig. 3), and/or the integrity of both the plasma membrane and
the viral envelope must be lost in a circumscribed area. The
meaning of this type of membrane fusion is unclear. It certainly
does not enable the virus to penetrate the plasma membrane.
Rather, the virus gains access to the cytoplasm through an
invagination (Fig. 1F to L; Fig. 2A and C to E; Fig. 3A to D)
that develops close to the fusion area and that opens toward
the cytoplasm. Whether this complicated way of cell entrance
is mediated by glycoproteins assumed to function as penetra-
tion proteins (7, 27) still needs to be clarified. Folds of the
plasma membrane seem to form ridges, which may function as
axes for rotating the virion into the nearby invagination (Fig. 3)
or may generate forces that drive the virus particle into the
cytoplasm. The mechanisms for the special type of membrane
fusion, the invagination process, the perforation of the plasma

FIG. 3. Scanning electron micrographs of BHV-1 (A and B) and BHV-5 (C and D). Viruslike particles with diameters of 240 to 290 nm are connected to the surface
of MDBK cells by bands which run continuously from the particle surface to the cell surface (arrows) or by folds of the cell surface that are inserted into the particles.
Some of the folds (arrowheads) suggest that the viruslike particles had rotated. Indentations or holes may be seen close to the particles (A and D). Bar, 150 nm.
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membrane, and the way the virion is driven into the cytoplasm
are not yet understood. The data presented here may help to
provide a basis for elucidating the functions of the various
glycoproteins that are essential for herpesvirus cell entry.

After herpesviruses have gained access to the cytoplasm, the
viral envelope probably defuses soon from the plasma mem-
brane, which in turn must be restored to maintain cellular
integrity. It is assumed that nucleocapsids are transported
along microtubules to the microtubule organizing center (30),
which is situated close to the nucleus. We found enveloped
viruses close to the nucleus by as early as 15 min after start of
incubation. Work to further clarify this route is in progress.

The entry process of BHV-1 and BHV-5 was found to be
completed in less than 60 s after a temperature shift from 4 to
37°C. About 30 s were required for the binding and fusion of
the membranes and for the invagination process. The compli-
cated cell entry mechanism of these two members of the her-
pesvirus family into MDBK cells requires subtle mechanisms,
including binding to the cell surface, fusion of membranes,
signaling for and completion of the invagination process, per-
foration of the plasma membrane without a substantial loss of
cytoplasmic material, generation of the energy to drive the
virus particle into the cytoplasm, and defusion and restoration
of the plasma membrane after virus entry is completed.
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