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Herpesvirus envelopment is assumed to follow an uneconomical pathway including primary envelopment at
the inner nuclear membrane, de-envelopment at the outer nuclear membrane, and reenvelopment at the
trans-Golgi network. In contrast to the hypothesis of de-envelopment by fusion of the primary envelope with the
outer nuclear membrane, virions were demonstrated to be transported from the perinuclear space to rough
endoplasmic reticulum (RER) cisternae. Here we show by high-resolution microscopy that herpes simplex virus
1 envelopment follows two diverse pathways. First, nuclear envelopment includes budding of capsids at the
inner nuclear membrane into the perinuclear space whereby tegument and a thick electron dense envelope are
acquired. The substance responsible for the dense envelope is speculated to enable intraluminal transportation
of virions via RER into Golgi cisternae. Within Golgi cisternae, virions are packaged into transport vacuoles
containing one or several virions. Second, for cytoplasmic envelopment, capsids gain direct access from the
nucleus to the cytoplasm via impaired nuclear pores. Cytoplasmic capsids could bud at the outer nuclear
membrane, at membranes of RER, Golgi cisternae, and large vacuoles, and at banana-shaped membranous
entities that were found to continue into Golgi membranes. Envelopes originating by budding at the outer
nuclear membrane and RER membrane also acquire a dense substance. Budding at Golgi stacks, designated
wrapping, results in single virions within small vacuoles that contain electron-dense substances between

envelope and vacuolar membranes.

Much controversy has arisen about the pathway of herpes-
virus capsids from their nuclear origin to the site of their
release into the extracellular space (e.g., see references 4, 13,
19, 50, 52, 53, 55, and 56). The current widely accepted view
suggests the formation of primary virions comprising capsid,
primary tegument, and a primary envelope that originates by
budding at the inner nuclear membrane into the perinuclear
space (37). For de-envelopment, the primary envelope is as-
sumed to be inserted into the outer nuclear membrane by
fusion, releasing capsid and the primary tegument into the
cytoplasm (14). In contrast to de-envelopment, many investi-
gations clearly demonstrate that “primary” virions are trans-
ported from the perinuclear space into rough endoplasmic
reticulum (RER) cisternae (12, 15, 45, 51, 52, 58, 62) and that
“primary” wild-type virions can accumulate within the perinu-
clear space-RER compartment (55). Intraluminal accumula-
tions of virions have also been explained as a failure in de-
envelopment, e.g., due to the lack of US3 protein in
pseudorabies virus (25). The de-envelopment theory also does
not consider that membrane fusion is a fast but well-studied
process starting by close apposition of the membranes to allow
fusion followed by pore formation (24, 27, 32, 36). Recognizing
close apposition and pore formation is imperative to distin-
guishing fusion from budding and fission. To our knowledge,
pore formation between “primary” envelopes and the outer
nuclear membrane has not been demonstrated by conventional
electron microscopy.
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260, CH-8057 Ziirich, Switzerland. Phone: 41 1 635 87 84. Fax: 41 1 635
89 11. E-mail: pewild@vetanat.unizh.ch.

In an attempt to gain more detailed information on inter-
actions between the “primary” envelope and the outer nuclear
membrane, we employed a technique that allows arresting of
cellular processes in the range of milliseconds (38) and that
keeps membranes in place even though they are disintegrating
(60). Instead of fusion events at the outer nuclear membrane,
we found (i) capsids budding from the cytoplasm into the
perinuclear space (62) and (ii) impaired nuclear pores with
capsids entering the cytoplasmic matrix in bovine herpesvirus 1
(BHV-1)-infected cells (59). These novel findings implied the
existence of at least two different pathways of herpesvirus en-
velopment, as suggested more than a decade ago (31). One
pathway involves budding of capsids at the inner nuclear mem-
brane resulting in fully enveloped virions, which are trans-
ported from the perinuclear space via a continuous membrane
system directly into Golgi cisternae for packaging into trans-
port vacuoles (62). Capsids following the other pathway escape
the nucleus via dilated nuclear pores, approach Golgi com-
plexes from the cytoplasmic side, and are wrapped by Golgi
membranes. Wrapping results in an enveloped virion within a
small concentric vacuole (59).

For this study, we investigated the pathways of herpes sim-
plex virus type 1 (HSV-1) capsids from the nucleus to the cell
periphery, employing microscopic techniques that yield both
high temporal and spatial resolution. The high temporal reso-
lution allows the investigation of membrane-bound processes
in the millisecond range (49) so that diverse phases of fusion,
budding, or fission can be visualized. The high spatial resolu-
tion offers an intact cellular architecture of high clarity, en-
abling subtle distinctions between cellular compartments. A
careful examination of hundreds of cells revealed that HSV-1
envelopment follows fundamentally identical pathways to
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SV-1at 10 h (B), 12

h (A, C, D, and

E), and 15 h (F) postincubation. (A) C-capsid (c) at the beginning of budding at the inner nuclear membrane (i), which is thickened by an
electron-dense substance at the site of budding. (B) Budding C-capsid with about three-fourths of the envelope being part of the inner nuclear
membrane. Tegument is present only between the capsid and the thickened membrane. (C) Budding B-capsid (b), probably at the inner nuclear
membrane, that is pushed into the perinuclear space at the site of an associated RER cisterna. (D) C-capsid at the beginning of budding at the
outer nuclear membrane. Both the inner and outer nuclear membranes are thickened by an electron-dense substance. At the nuclear periphery
is a small cluster of B-capsids. (E) C-capsid close to completion of budding at the outer nuclear membrane (o). The membrane (about four-fifths
of the perimeter) around the capsid is thickened and turns in a sharp loop (arrows) into the normal outer nuclear membrane. (F) B-capsid within
the perinuclear space containing tegument and a dense envelope, probably immediately after fission from the outer nuclear membrane, which is

slightly indented. Bars, 100 nm.

those of BHV-1. Immunofluorescence microscopy demon-
strated the translocation of nuclear pore complex (NPC) pro-
teins to the cytoplasm, confirming the idea of nuclear pore
impairment drawn on the basis of electron microscopic obser-
vation. In addition to BHV-1 capsids, HSV-1 capsids were
found to bud at any intracellular membrane, including the

outer nuclear membrane, RER membranes, Golgi mem-
branes, and membranes of vacuoles.

MATERIALS AND METHODS

Cells and viruses. Vero cells (ECACC) and HeLa cells (American Type
Culture Collection) were propagated in Dulbecco’s modified minimal essential
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FIG. 2. Schematic drawing of budding and fusion. Budding induces thickening of the membrane that is pulled behind the capsid. The space
between capsids and the envelope is progressively filled by tegument. The resulting virion is finally released by fission. Fusion starts by close
apposition of the virion to the membrane followed by pore formation between the envelope and the membrane. Capsid and tegument are rapidly
released, and the membrane is flattened because there are no forces to keep it bent. The thickened membrane would persist at the entire length

equaling the viral surface.

medium supplemented with penicillin (100 U/ml), streptomycin (100 pg/ml), and
10% fetal bovine serum. Vero 2-2 cells, which contain the HSV-1 immediate-
carly 2 gene (54), were cultivated in Dulbecco’s modified minimal essential
medium containing penicillin-streptomycin, 10% fetal bovine serum, and G418
(Geneticin; 500 pg/ml; GIBCO-BRL, Basel, Switzerland). Wild-type HSV-1
strain F was grown in Vero cells.

Infection of cells. Vero cells, HeLa cells, and Vero 2-2 cells were grown for 2
days on 30-um-thick sapphire disks with a diameter of 3 mm (Bruegger, Minusio,
Switzerland) for low-temperature transmission electron microscopy (LTEM) or
on coverslips for immunolabeling of the nuclear pore protein Nup153 and ter-
minal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) staining to detect apoptosis. Sapphire disks were covered with 8- to
10-nm carbon, obtained by evaporation under high-vacuum conditions, to en-
hance cell growth. Cells were infected with HSV-1 at a multiplicity of infection
(MOI) of 1 or 4 in 1 ml of medium per well in six-well plates and kept at 37 C°
for 1 h to allow adsorption prior to incubation at 37°C for 8 to 24 h.

Freezing of cells. Cells grown on sapphire disks were frozen in a high-pressure
freezer (HPMO010; BAL-TEC Inc., Balzers, Liechtenstein) as described in detail
previously (62) early in infection (8 to 10 h) to late in infection (15 to 18 h). The
frozen samples were stored in liquid nitrogen until use.

LTEM. Frozen cells grown on sapphire disks were transferred to a freeze-
substitution unit (FS 7500; Boeckeler Instruments, Tucson, Arizona) precooled
to —88°C for substitution with acetone and subsequent fixation with 0.25%
glutaraldehyde and 0.5% osmium tetroxide at temperatures between —30°C and
+2°C as described in detail previously (61) and were embedded in Epon at 4°C.
Sections of 50 to 60 nm in thickness were analyzed in a transmission electron
microscope (CM12; Philips, Eindhoven, The Netherlands) equipped with a slow-
scan charge-coupled device camera (Gatan, Pleasanton, CA) at an acceleration
voltage of 100 kV.

Immunolabeling. For the demonstration of nuclear pores by confocal micros-
copy, cells grown on coverslips were infected with HSV-1 at an MOI of 1 and
incubated at 37°C. Cells were fixed in methanol-acetone (1:1) at —20°C for 15 to
30 min at 2 to 12 h postinfection, rehydrated in phosphate-buffered saline (PBS)
at room temperature (RT) for 5 min, treated with 0.1% Triton X-100 for 5 to 10
min, and after being blocked with 3% bovine serum albumin in PBST (PBS and
0.05% Tween 20), incubated with polyclonal antibodies raised in sheep against
the nuclear pore protein Nup153 (Immunoquest, Cleveland, Great Britain) at
4°C overnight. After being washed with PBST containing 3% milk, cells were
incubated with donkey anti-sheep secondary antibodies conjugated to Texas Red
(Jackson ImmunoResearch, Philadelphia, PA) and with 1 pwg/ml DAPI (4',6'-
diamidino-2-phenylindole) in PBST containing 3% bovine serum albumin at RT
for 1 h. To ascertain if the changes in nuclear pore proteins were related to
HSV-1 infection, ICP4 was stained with monoclonal mouse antibodies (Ad-
vanced Biotechnologies, Columbia, MD) and sheep anti-mouse antibodies cou-
pled to fluorescein isothiocyanate (FITC; Boehringer, Mannheim, Germany).
After being washed with PBST containing 3% milk and finally with PBS, samples
were fixed with 2% formaldehyde for 15 min, washed in water, and embedded in
VectaShield hard medium (Vector Laboratories, Burlingame, CA). For controls,
mock-infected cells were used, and the secondary antibodies were omitted.

TUNEL and N-hydroxysuccinimide-biotin staining. For recognition of apo-
ptosis or necrosis, cells grown on coverslips were infected with HSV-1 at an MOI
of 1 and incubated for 8 h. Cells were then incubated with 0.1 mg/ml N-hydroxy-
succinimide-biotin (Pierce) in PBS for 15 min on ice and fixed with 2% form-

aldehyde in PBS. Samples were permeabilized with 0.1% Triton X-100 in PBS
for 1 min at RT and stained for DNA strand breaks using a terminal transferase
kit (Roche, Basel, Switzerland) for the incorporation of dUTP-FITC (Roche)
overnight at 37°C, as described previously (28). Subsequently, cells were incu-
bated at RT for 1 h with 0.5 pg/ml streptavidin-Texas Red (Amersham Bio-
sciences, Little Chalfont, Great Britain) and 1 wg/ml DAPI in PBS. Samples were
embedded in VectaShield hard medium. For the induction of apoptosis, unin-
fected cells were incubated with staurosporin (1 pg/ml) at 37°C for 4 h.

Confocal microscopy. Samples were analyzed using a confocal laser scanning
microscope (SP2; Leica, Mannheim, Germany). Images were deconvolved by
employing a blind deconvolution algorithm using the program suite Huygens
Essential (SVI, Hilversum, The Netherlands).

RESULTS

The goal of this study was to analyze the interactions of
capsids with the nuclear membranes and Golgi membranes
and to clarify the origin of capsids occurring within the cyto-

TABLE 1. Number of virus particles during envelopment or of
impaired nuclear pores in 20 cellular profiles chosen at random
from ultrathin sections of Vero cells incubated for 12 or 15 h
after infection with HSV-1 at an MOI of 1

No. of particles with
phenotype or indicated

Pathway” Phenotype? value
8h 12 h 15h
NE Budding IM 1 7
NE/CE Virions in PNS 3 81
NE/CE Virions in RER 0 18
NE/CE Virions in Golgi cisternae 6 2
NE/CE Virions in P vacuoles 47 90
Number of P vacuoles 19 25
CE Cytoplasmic capsids 0 61
CE Budding at OM 1 16
CE Budding at RER 0 1
CE Budding at Golgi cisternae 15 2
CE Budding at Golgi fragments 2 5
CE Budding at P vacuoles 14 21
CE W vacuoles 41 16
CE Impaired nuclear pores 1 3

Ratio of Nup153 dislocation 1
to ICP4 particles

“ NE, nuclear envelopment; CE, cytoplasmic envelopment.

® IM and OM, inner and outer nuclear membranes, respectively; PNS, perinu-
clear space; P vacuoles, large vacuoles derived by packaging (Fig. 4B); W vacu-
oles, small vacuoles with one virion and an electron-dense substance between the
envelope and the vacuolar membrane (Fig. 5D).
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FIG. 3. Impairment of nuclear pores in Vero 2-2 cells and HeLa cells infected with HSV-1 after 12 h (A) and 14 h (B) of incubation. (A) Dilated

nuclear pore with intact nuclear membrane (arrow) and nuclear substance protruding into the cytoplasm. (B) B-capsids escaping through an
impaired nuclear pore with intact membrane at the border (arrow). (C) Intact nuclear pore of a mock-infected HeLa cell (17 h) with a distinctly
visible nuclear pore complex and bordering membranes (arrows). Bars, 100 nm.

plasm. Therefore, we infected Vero cells, Vero 2-2 cells, and
HeLa cells grown on sapphire disks with HSV-1 and arrested
virus production and egress after incubation at 37°C for 8 to
17 h by immediate freezing. After freeze substitution and em-
bedding, serial sections were cut parallel to the smooth surface
from which the sapphire disks were removed. This procedure
enabled examinations of virus-cell interactions in an in situ
situation with a delay of less than 15 seconds between removal
of the sapphire disks from the incubation chamber and freez-
ing (62). All processes of envelopment at the nuclear envelope,
RER, and Golgi complex could be readily visualized due to the
well-preserved ultrastructure.

Nuclear envelope. Capsids escaping the nucleus via budding
at the inner nuclear membrane were found at various stages of
the process. At initial stages, capsids were in close apposition
to the inner nuclear membrane, which was slightly thickened
and indented into the perinuclear space. The thickening always
expanded exactly from one side, where the membrane inden-
tation started, to the other side, forming a protrusion in which
the capsid was located (Fig. 1A). At intermediate to late stages,
capsids embedded in tegument and surrounded by a dense
envelope were within the perinuclear space, with the dense
envelope still continuing into the inner nuclear membrane
(Fig. 1B and C). Similar phenotypes of capsid-membrane in-
teractions were found at the outer nuclear membrane (Fig. 1D
and E). A comparison with fusion (Fig. 2) led to the conclusion
that these phenotypes of capsid-membrane interactions are
very likely to represent budding events. This idea is strongly
supported by the contour of the outer nuclear membrane in

relation to the viral envelope showing indications of fission
(Fig. 1F). Interestingly, the incidence of events at the outer
nuclear membrane was much higher than that at the inner
nuclear membrane, at least late in infection (Table 1). Virions
were rarely found within the perinuclear space early in infec-
tion. Their number progressively increased during the course
of incubation (Table 1).

The capsid-membrane interactions at the outer nuclear
membrane that are more likely budding than fusion events
question the theory of de-envelopment of primary virions at
the outer nuclear membrane. If the viral envelope does not
fuse with the outer nuclear membrane, then cytoplasmic cap-
sids must escape the nucleus via another route, e.g., nuclear
pores. Intact isolated nuclear pores measure 125 nm in diam-
eter and are occupied by the NPC (40), which controls nuclear
import and export of proteins up to 28 nm (41). In sections
where nuclear membranes are hit perpendicular to the nuclear
surface, details of both nuclear membranes and nuclear pores
can be visualized. Intact nuclear pores measured 100 to 120 nm
in diameter in both mock-infected and HSV-1-infected cells
(Fig. 3A, inset). After 12 h of infection, nuclear pores were
measured to be 300 to 500 nm in width (Fig. 3A and B), and
occasionally up to 1,000 nm. Nuclear material with or without
capsids (Fig. 3B) protruded through dilated pores into the
cytoplasm. However, nuclear material never merged with the
cytoplasmic matrix. The number of impaired nuclear pores in
a given section through a nucleus was low for up to 12 h
postinfection. It increased when infection proceeded (Table 1).
Loss of integrity of the nuclear envelope was only considered
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FIG. 4. Confocal microscopy of HeLa cells after immunolabeling
of pore complex protein Nup153 (Texas Red) and of HSV-1 immedi-
ate-early protein ICP4 (D) and subsequent DAPI staining. (A) Faint
Texas Red signals are regularly distributed at the nuclear surface in
cells incubated for 4 h with HSV-1. (B) Signal intensity is increased at
the nuclear surface in cells incubated for 6 h. (C) Irregular accumu-
lation of Texas Red signals at the nuclear periphery and in the cyto-
plasm at 8 h postinfection. (D) Merger of Texas Red, FITC, and DAPI
staining demonstrating that dislocation of Nup153 from the nuclear
periphery into the cytoplasm occurred only in cells expressing HSV-1
virus protein ICP4 (FITC). Bars, 5 pm.

an impaired nuclear pore when the inner nuclear membrane
obviously continued into the outer nuclear membrane in at
least one location (Fig. 3A). This probably has led to an un-
derestimation of the actual number of impaired nuclear pores.

In order to confirm nuclear pore impairment and to clarify
the fate of NPCs, we visualized the NPC protein Nup135 (42)
by immunolabeling. Confocal microscopy revealed a regular
distribution of fluorescence signals at the nuclear periphery in
mock-infected cells and cells incubated with HSV-1 for 2 and
4 h (Fig. 4A). Fluorescence signals were gradually irregular at
the nuclear surface and concomitantly accumulated in the cy-
toplasm from 6 to 8 h of incubation (Fig. 4B and C). The
codetection of HSV-1 ICP4 demonstrated that all cells in-
fected with HSV-1 showed this pattern of fluorescence signals
(Fig. 4D), indicating a dislocation of Nupl53 from nuclear
pore complexes into the cytoplasm. Neither TUNEL nor biotin
staining revealed any indications of apoptosis or necrosis, re-
spectively, in cells incubated with HSV-1 for 8 h, whereas
apoptosis was apparent in control cells incubated for only 4 h
with staurosporin (data not shown).
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Perinuclear space, RER, Golgi complex, and transport vacu-
oles. If capsids are not released from the perinuclear space by
de-envelopment, then two other pathways may be possible,
namely, the release of virions by vesicle formation at the outer
nuclear membrane and intraluminal transportation into RER
cisternae. We did not find any indications for vesicle forma-
tion. Virions, however, were found in RER cisternae adjacent
to the perinuclear space (Fig. 5A to D), indicating intraluminal
transportation. All of these virions consisted of capsid, tegu-
ment, and a distinctly thickened, dense envelope. Interestingly,
capsids were also in close apposition at the cytoplasmic sides of
RER cisternae, where the membrane was slightly thickened, or
in indentations delineated by a distinctly thickened, dense
membrane (Fig. 6C and D). These capsid-membrane interac-
tions are also considered likely to represent stages of budding
because of their similarity to the events at the inner nuclear
membrane. If this is true, then budding will result in fully
enveloped virions that need to be transported within RER
cisternae in order to be released finally into the extracellular
space.

In the quest for destinations of intraluminal virion transpor-
tation, we found (i) continua between RER and Golgi mem-
branes (Fig. 6E) and (ii) virions within laterally dilated Golgi
cisternae with strong indications of fission (Fig. 7A and B)
resembling the packaging process of proteins in the secretory
pathway (39). The fission of lateral cisternae would lead to
vacuoles containing virions. Vacuoles containing one or several
virus particles consisting of capsid, tegument, and an envelope
with distinct spikes (Fig. 7C and D) were frequently found
after incubation for more than 12 h (Table 1).

Fate of cytoplasmic capsids. Table 1 shows that large num-
bers of capsids gained access to the cytoplasm. If the capsid-
membrane interactions at the outer nuclear membrane and
RER membranes do indeed represent budding events, then a
small portion of cytoplasmic capsids will be enveloped in this
way. A much larger number of capsids were found to interact
at Golgi cisternae (Fig. 8A, C, and F), Golgi-derived vacuoles
(Fig. 7A and D), and banana-shaped membranes of probable
Golgi origin (Fig. 8B, C, E, and G). All of these capsid-mem-
brane interactions were of great similarity to those at the inner
and outer nuclear membranes and RER membranes. They are
hence considered very likely to be budding events. Budding at
Golgi stacks differs significantly from budding at any other
membrane, as shown in great detail for BHV-1 (59). The
deriving vacuoles are small, containing only one virion with a
dense envelope. The space between envelope and vacuolar
membranes is filled with a dense substance (Fig. 7C and 8D).
Possibly, small vacuoles derived by packaging appear similar
(Fig. 8B and C).

Golgi fields were large, consisting of up to six stacks (Fig. 7A
and 8A, B, and F) in HSV-1-infected cells incubated for more
than 8 h. They were, however, small in mock-infected cells (not
shown), and only small entities were commonly seen in HSV-
1-infected cells incubated for more than 12 h (Fig. 8B, C, E,
and G).

DISCUSSION

High-resolution microscopy of HSV-1-infected cells re-
vealed (i) budding of capsids at the inner nuclear membrane
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FIG. 5. Virions within perinuclear space and associated RER cisternae 12 h (B), 15 h (C), and 17 h (A and D) after infection of Vero and Vero
2-2 cells with HSV-1. (A to C) Single virions comprising one or two (C) B-capsids, tegument, and dense envelope within the perinuclear space
(A) and associated RER cisternae (B and C) that continue into a vacuole-like structure (v) sectioned tangentionally in panel C. Note the dilation
of the perinuclear space and RER at sites where virions are present. (D) Virions containing B- and C-capsids queue within the perinuclear space
and associated RER cisternae. a, A-capsid; o, outer nuclear membrane. Bars, 100 nm.

that was distinctly thickened by a dense substance; (ii) the
presence of virus particles consisting of capsid, tegument, and
a thick, dense envelope within the perinuclear space and RER
cisternae; (iii) capsid-membrane interactions at the outer nu-
clear membrane resembling budding capsids at the inner nu-
clear membrane; (iv) budding capsids at RER membranes; (v)
fission of Golgi sacs containing virions with clearly discernible
spikes; (vi) the presence of two distinctly different vacuoles
within the cytoplasm containing virions; (vii) budding at vacu-
oles and/or dilated Golgi cisternae; (viii) budding at banana-
shaped membranous entities; (ix) impairment of nuclear pores;

and (x) dislocation of the nuclear pore complex protein
Nup153.

Budding of capsids at the inner nuclear membrane is gen-
erally accepted as the pathway of capsids to exit the nucleus.
The resulting virus particle is a fully enveloped virion contain-
ing tegument (14). A crucial phenomenon is the thickening of
the inner nuclear membrane at the site of budding, which has
been described for many members of the herpesvirus family (4,
50). Its significance is unclear. Thickening is obviously an initial
event in budding, as clearly shown for BHV-1 envelopment
(59, 62). Thickening of the envelope remains in virions that

FIG. 6. Budding capsids in RER cisternae of Vero 2-2 cells at 12 h postinfection (A, C, and D) and of HeLa cells at 16 h postinfection (B and
E) with HSV-1. (A) RER membrane continuous with the outer nuclear membrane (o) is associated with Golgi membranes surrounding a virion
(inset). A cytoplasmic capsid is in an early phase of budding at the site where RER and Golgi membranes are associated. (B to D) Capsids in initial
(B), early (C), and late (D) phases of budding into RER cisternae, for which the membrane situated close to the nucleus (n) has only a few
ribosomes (r) in panel C. Note that all membrane capsid buds are thickened by a dense substance. (E) Golgi complex with narrow cisternae filled
with a dense substance, probably tegument. Note the continua between Golgi and RER membranes (arrows). Bars, 100 nm.
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FIG. 7. Golgi complex and packaging-derived vacuoles or cross-sectioned Golgi cisternae in Vero 2-2 cells incubated for 12 h (A, B, and C)
and 15 h (D) with HSV-1. (A) Large Golgi complex bearing a virion with a B-capsid (b) at the lateral end of a Golgi cisterna in a late stage of
packaging. C-capsid (c) budding is shown at a banana-shaped membrane. (B) Two single Golgi cisternae with C-capsids late in packaging. (C) Two
vacuoles derived from packaging or cross-sectioned Golgi cisternae, each containing two virions, and a vacuole (arrowhead) with a virion exactly
in the center, with the space between the envelope and the vacuolar membrane containing a dense substance that might have resulted from
wrapping or packaging. C-capsids are in close apposition to the packaging-derived vacuoles, one of which is in an initial phase of budding (arrow).
(D) B-capsid in an initial phase (arrow) and C-capsid in a late phase (two arrows) of budding into vacuoles or cross-sectioned Golgi cisternae. One
virion (three arrows) is shown either immediately prior to completion of budding or in an early stage of fusion. A C-capsid (arrowhead) in an early
phase of budding at a banana-shaped membrane is shown. The inset shows a B-capsid close to completion of budding into a vacuole. Bars, 100 nm.
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have been released into the perinuclear space after fission of
the envelope from the inner nuclear membrane (24, 6, 7, 10,
15, 30, 44, 51, 55). Interestingly, our study shows thickening
also at the outer nuclear membrane, where the membrane is
bent into the perinuclear space and a capsid is located in the
depression. For both the inner and outer nuclear membranes,
the length of the thickening was always related to the degree of
bending and always expanded exactly from one side where the
membrane turns around the capsid to the other side. The
envelopes of virions within the perinuclear space are assumed
to fuse with the outer nuclear membrane, whereby tegument
and capsid are released into the cytoplasm. If this idea were
true, then the length of the thickening would be expected to
equal the perimeter of the viral envelope (Fig. 2). This was not
found once in more than 50 events in this study and in an equal
number of events in studies of BHV-1 envelopment. In the two
reports describing similar events at the outer nuclear mem-
brane (3, 13), the length of the thickened membrane was also
shorter than the perimeter of the entire virion would be. This
discrepancy might be due to a rapid removal of the substance
responsible for the thickening, or the phenotypes of this cap-
sid-membrane interaction may represent various stages of bud-
ding rather than fusion. Rapid removal is considered unlikely
because it can be assumed that capsid and tegument are rap-
idly released after fusion is complete and that the membranes
would flatten because there would be no need and no forces to
keep them bent around an empty depression. Membrane fu-
sion starts by close apposition followed by pore formation (20,
27, 32, 36). The envelopes of virions within the perinuclear
space were occasionally seen in close apposition to the outer
nuclear membrane but also to the inner nuclear membrane, as
shown in detail for BHV-1 (59, 62). Membrane fusion is rapid,
as demonstrated for influenza virus, which fuses with lipo-
somes within approximately 1 min (24). Budding, on the other
hand, is a more complicated process involving thickening of
the membrane, deposition of tegument, pulling of the mem-
brane behind the capsid, which is concomitantly pushed into
the perinuclear space, and fission of the envelope from the
nuclear membrane. Budding is thus assumed to take much
longer than fusion and, consequently, the probability of hitting
a budding event will be much larger than that of hitting a
fusion event. To our knowledge, fusion has very rarely been
shown by conventional electron microscopy. The capsid-mem-
brane interaction at the outer nuclear membrane was more
frequently encountered than budding events at the inner nu-
clear membranes. Capsid-membrane interactions similar to
those at the nuclear membranes were also found at RER
membranes, Golgi stacks, large Golgi-derived vacuoles or di-
lated Golgi cisternae, and small membranous banana-shaped
entities that have been referred to as the frans-Golgi network
(37). The similarity of the phenotypes of capsid-membrane
interactions at all of these membranes, the lack of evidence of
pore formation, and the large number of events at the outer
nuclear membrane strongly indicate that all of these pheno-
types represent stages of the very same process, namely, bud-
ding.

If the capsid-membrane interactions at the outer nuclear
membrane and at RER membranes are budding rather than
fusion events, then the question arises of how virions are re-
leased from the perinuclear space and how cytoplasmic capsids
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gain access to the cytoplasm. It was suggested, though never
shown, that virions are released from the perinuclear space by
vesicle formation (4, 6, 9, 15, 45, 56). Alternatively, virions of
many members of the herpesvirus family were clearly demon-
strated to be present in RER cisternae (5, 12, 15, 45, 51, 52, 55,
58). The envelopes of virions were often in close contact with
the membranes of the perinuclear space and RER cisternae.
Membranes in close apposition start to fuse immediately, pro-
vided that the fusion machinery is present (33, 34). Conse-
quently, the viral envelope would probably fuse at the very
moment it comes into close apposition with the outer nuclear
membrane. It is difficult to understand why virions able to be
transported through RER cisternae should have the ability to
fuse with RER membranes. The presence of virions within
RER cisternae and the lack of images convincingly demon-
strating fusion of viral envelopes with the outer nuclear mem-
brane imply intraluminal transportation of virions from the
perinuclear space into RER cisternae. The ability of intralu-
minal transportation might be due to insertion of the substance
responsible for thickening of the viral envelope in the course of
budding. This substance of unknown nature is speculated to
consist of antifusion proteins (62). A possible candidate could
be glycoprotein K (gK) (21, 22). It has been assumed that gK
facilitates the egress of virus particles (8, 35), possibly in con-
cert with UL20 (8), UL31, and UL34 (48), and down regulates
undesirable fusions of the viral envelope with membranes dur-
ing translocation (46). gK, however, was also postulated to
prevent reinfection (26) and to be involved in cell-cell fusion
(1, 8, 35).

Preventing the viral envelope from fusing is probably a ne-
cessity for two reasons. First, cell membranes per se have the
ability to perform fusion. It should be borne in mind, however,
that fusion and fission for intracellular trafficking take place at
the cytoplasmic side and not at the luminal side (34, 43).
Second, gB is believed to play a significant role in fusion during
cell entry. gB and other glycoproteins were localized at the
inner and outer nuclear membranes (11, 12, 23, 53, 55, 56).
Viral envelopes originating by budding at the nuclear mem-
branes consequently acquire gB, which was presumed to be
masked in virions during transport through the RER system
(55). Glycoproteins C and D, however, were demonstrated to
be on viral particles in the perinuclear space (23).

There is no doubt that virions are transported within the
RER compartment. The destination of virions, however, has
led to some confusion (52, 55). We recently demonstrated
continua between the perinuclear space and Golgi cisternae in
BHV-1-infected MDBK cells, suggesting that the destination
of virus transportation through RER cisternae is the Golgi
cisternae. Continua between RER and Golgi membranes were
also found in this study. Since the perinuclear space continues
into RER cisternae, it is reasonable to assume that the perinu-
clear space is continuous with Golgi cisternae via the RER.
The Golgi complex is the machinery for the packaging of
products in the secretory pathway (39). Indeed, the events
found at lateral sides of Golgi cisternae clearly resemble pack-
aging processes, namely, fission of vacuoles of various sizes
containing one or several virions with clearly visible spikes, as
described for the envelopment of BHV-1 (62).

Capsid-membrane interactions with phenotypes identical to
those at nuclear membranes and RER membranes were also
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found at Golgi stacks, large Golgi-derived vacuoles or dilated
Golgi cisternae, and small banana-shaped membrane entities
that were referred to as the trans-Golgi network (37). The
trans-Golgi network is proposed to be the only location where
capsids acquire tegument and the final envelope (37), a process
designated wrapping. Our data and those of others (3, 19, 55)
do not support this theory. The small banana-shaped mem-
brane entities with budding capsids (Fig. 5E and F) were not
necessarily vacuoles at the beginning of budding. They also
may be connected to the Golgi complex, as is apparent in Fig.
5G. Membranes needed for the viral envelope and the vacuo-
lar membrane might thus be recruited directly from the re-
maining Golgi membrane. In this case, capsids would bud at
small vacuoles as assumed previously (37), and the vacuoles
would have to increase in size by the insertion of membrane
constituents derived from Golgi membranes. On the basis of
current knowledge, the transportation of membrane constitu-
ents would be maintained by vesicular trafficking involving
fission of coated pits from Golgi membranes leading to coated
vesicles, uncoating of vesicles, and fusion of uncoated vesicles
where the membrane capsids bud. To our knowledge, such
vesicular trafficking has not been shown so far, although the
vesicles are easily recognized even by conventional electron
microscopy (63). We have also not found budding capsids close
to completion at such small membrane entities, and to our
knowledge, this has not been reported to date. The lack of
evidence for the completion of budding leads to the idea that
budding at such small membrane entities arrests because of an
insufficient availability of membranes. We found budding cap-
sids at banana-shaped entities and small vacuole-like struc-
tures exclusively late in infection in those cells in which virus
multiplication had progressed to a substantial extent, as judged
by the number of enveloped virions within the cytoplasm. It is
reasonable to assume that the amount of cell membranes,
especially Golgi membranes, is reduced late in infection be-
cause they have been used for the formation of envelopes and
transport vacuoles. On the other hand, budding at large vacu-
oles and/or dilated Golgi cisternae occurred frequently in
HSV-1-infected cells, in contrast to the case for BHV-1-in-
fected cells (59). Budding capsids at large Golgi-derived vacu-
oles were also demonstrated for cytomegalovirus (19) and for
simian agent 8 (3). Both vacuoles and dilated Golgi cisternae
are considered parts of the trans-Golgi network.

Budding at Golgi stacks differs from budding at any other
site insofar as a second membrane is involved. Budding starts
with thickening of the membrane by insertion of a dense sub-
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stance, followed by bending of the membrane around the teg-
ument deposited between the capsid and membrane, as shown
in detail for BHV-1 (59). The result is a small concentric
vacuole containing a single virion. The space between the en-
velope and the vacuolar membrane is occupied by a dense
substance that is considered to have the same function as the
dense substance at the envelopes of virions within the perinu-
clear space and RER cisternae, i.e., preventing fusion of the
envelope with the vacuolar membrane. Preventing fusion of
the envelope with the vacuolar membrane might also be a
necessity for large vacuoles. In fact, a substance at low con-
centrations was also observed in large vacuoles.

The key question, however, is where cytoplasmic capsids
originate. Careful examination of the nuclear surface revealed
the dilation of nuclear pores from 160 nm early in infection up
to about 1,000 nm late in infection, through which capsids can
gain direct access to the cytoplasm, a pathway that was also
documented for BHV-1 (59) and simian agent 8 (3). The di-
lation of nuclear pores was accompanied by a loss of visible
NPC structures by LTEM. The dilation of nuclear pores and
changes in the nuclear surface were shown by scanning elec-
tron microscopy of cells infected with BHV-1 (5§9) and HSV-1
(18). To clarify the fate of NPCs, we used antibodies against
the NPC protein Nupl53 for immunolabeling. Nupl53 is a
component of the basket docking at core proteins (29) and is
involved in anchoring NPC to nuclear membranes (57). Con-
focal microscopy revealed a dislocation of Nup153 from the
nuclear periphery into the cytoplasm from 2 to 8 h of incuba-
tion, indicating a breakdown of NPCs starting early in infec-
tion. Nup153 was shown to be down regulated early in infec-
tion with HSV-1 (47). The dislocation of Nup1l53 was not
accompanied by apparent indications of apoptosis by TUNEL
staining (65) or by electron microscopy. The degradation of
Nup153 independent of apoptosis was also reported for cells
infected with rhinovirus (17) or poliovirus (16).

In conclusion, the data obtained by a close examination of
well-preserved HSV-1-infected cells support the hypothesis
drawn earlier for BHV-1-infected cells that the envelopment of
members of the a-herpesvirus family follows two diverse path-
ways (Fig. 9). These pathways include (i) nuclear envelopment
followed by intraluminal transportation to Golgi cisternae for
the formation of transport vacuoles and (ii) cytoplasmic envel-
opment of capsids that have exited the nucleus via impaired
nuclear pores. Cytoplasmic envelopment takes place at the
outer nuclear membrane and RER membranes, which is fol-
lowed by intraluminal transportation for the formation of

FIG. 8. Budding capsids at Golgi membranes in Vero 2-2 cells at 12 h (A, C, F, and G) and in HeLa cells at 15 h (E) and 17 h (B and D)
postinfection. (A) C-capsid at initial phase of wrapping at a slightly thickened membrane in a central region of a large Golgi complex. (B) Virions
inside concentric vacuoles close to the completion of fission. The vacuolar membrane is still connected to the origin in the section plane (arrow)
and probably below the section plane (two arrows). A C-capsid (c) approaches a large Golgi cisterna, and another capsid (arrowhead) is midway
through being wrapped by a short Golgi cisterna. (C) C-capsids in initial (arrow), early (two arrows), and late (three arrows) phases of wrapping
by a Golgi cisterna, from which two virions are dispatched by fission (f) as a result of packaging. (D) Virion with a dense envelope inside a
concentric vacuole, possibly derived by wrapping because of the dense substance between the envelope and the vacuolar membrane. (E) C-capsid
in an early phase of wrapping by a Golgi cisterna or Golgi-derived vacuole with a surface that is not sufficient to form the substance between the
envelope and the surrounding vacuolar membrane, at least in this section plane. (F) C-capsid in an early phase of budding at a banana-shaped
cisterna of a large Golgi complex. (G) C-capsid and two B-capsids budding at small membrane pieces that might be connected (arrows) to each
other or to other membrane entities outside of this section plane. At the left is a tangentially cut virion within a Golgi cisterna (arrowhead). Bars,

100 nm.
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FIG. 9. Schematic drawing of the pathways of HSV-1 envelopment.
(1) Cytoplasmic envelopment. Capsids leave the nucleus via impaired
nuclear pores (np) and approach Golgi membranes from the cytoplas-
mic side, inducing budding. Since the entire cisterna is involved, a
sphere-like structure comprising two membranes arises. The inner
membrane becomes the viral envelope, and the outer one becomes the
vacuolar membrane. Fusion of the envelope with the vacuolar mem-
brane is considered likely to be prevented by “antifusion” proteins at
high concentrations. Alternatively, capsids escaping the nucleus via
impaired nuclear pores can also bud at the outer nuclear membrane
(1a), RER membranes (la), membranes of dilated Golgi cisternae
(1b), and membranes of Golgi-derived vacuoles (1b) already contain-
ing virions. Virions originating by budding at the outer nuclear mem-
brane and RER membranes need to be transported to Golgi cisternae
for packaging. (2) Nuclear envelopment. Capsids bud through the
inner nuclear membrane and are transported from the perinuclear
space via RER cisternae into Golgi cisternae for packaging into trans-
port vacuoles of various sizes containing one or more virions. Fusion of
the viral envelope with cell membranes of the compartments the virion
is transported through is considered likely to be prevented by proteins
of an unknown nature, which are condensed (co) at the viral envelope.
The “antifusion proteins” are speculated to be removed from the
envelope in Golgi cisternae but are assumed to remain in the transport
vacuoles (possibly together with additional proteins) at low concentra-
tions to prevent the fusion of viral envelopes with the membranes of
large transport vacuoles. im, inner nuclear membrane; om, outer nu-
clear membrane; npc, nuclear pore complex; sp, spikes; te, tegument.

transport vacuoles, or at Golgi membranes, which results in
virions situated in transport vacuoles. BHV-1 (64) and HSV-1
(unpublished data) were shown to enter cells by a unique
fusion pathway. The ability of the viral envelope to fuse is

J. VIROL.

considered likely to be present immediately after the envelope
is formed. Fusion is hence assumed to be prevented by the
insertion of antifusion proteins at the viral envelope for in-
traluminal transportation or between the viral envelope and
vacuolar membranes for vacuolar transportation. The nature
of this substance needs to be investigated.
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