
JOURNAL OF VIROLOGY, May 1968, p. 507-516
Copyright © 1968 American Society for Microbiology

Vol. 2, No. 5
Prinited ini U.S.A.

Electron Microscopy of Herpes Simplex Virus
I. Entry

COUNCILMAN MORGAN, HARRY M. ROSE, AND BAIBA MEDNIS
College ofPhysicians and Surgeons, Columbia University,

New York, New York 10032

Received for publication 28 September 1967

Although capsids of herpes simplex virus were encountered within phagocytic
vesicles, they were more commonly observed free within the cytoplasm. Stages in the
release of virus from vesicles were not seen. There appeared to be five distinct steps
in the process whereby the virus initiates infection: attachment, digestion of the viral
envelope, digestion of the cell wall, passage of the capsid directly into the cytoplasm,
and digestion of the capsid with release of the core. Antibody probably interferes
with the first two stages.

This paper describes and illustrates the probable
manner in which herpes simplex virus (Herpesvirus
hominis) initiates cellular infection. The three ensuing
papers are concerned with the sequential stages of
viral development, the effects of blocking DNA syn-
thesis, and the antigenic alteration of host cell com-
ponents.

Since the initial examination of herpes simplex virus
in thin sections (21, 22) a confusing nomenclature has
arisen, including such descriptive terms as internal
body, nucleoid, central body, internal membrane,
peripheral coat, second membrane, single membrane
form, naked particle, double membrane form, and
complete virus. ["Nucleoid" was originally coined to
describe the dense, eccentrically placed structure in
immature forms of vaccinia and fowl pox viruses (23).
It has become an unfortunate misnomer when applied
to the dense cores characterictic of the majority of
viruses.l Application of the negative staining tech-
nique, however, has now provided more precise in-
formation about the structure of the virus (33), which
indicates that it consists of a core surrounded by a
capsid. The capsid is icosahedral in shape and is com-
posed of 162 capsomeres arranged in 5:3:2 axial
symmetry. Capsids may or may not be enclosed within
an envelope that is devoid of clearly defined subunits.
Applying this nomenclature (19) to the appearance of
the virus in thin sections, one can recognize a clearly
defined core, a capsid (the first or inner membrane),
and an envelope (the second or peripheral membrane).
These terms will be used henceforth.

Electron microscopic examination of reovirus
(9), vaccinia virus (5, 1, 7, 10, 25), adenovirus (5),
Newcastle disease virus (24, 31), parainfluenza
virus SV5 (4), and influenza virus (8) suggests
that viral particles gain entry into the host cell by
a process of phagocytosis or "viropexis," as
originally suggested by Fazekas de St. Groth (12).
Studies of herpes simplex virus also have yielded
results that have been interpreted as being con-

sistent with this concept (11, 13, 30). Dissenting
opinions, however, have been voiced. Hoyle and
Finter (16) [see also Wecker and Schafer (32)]
concluded from an investigation of influenza
virus labeled with radioactive sulfur "that on
entry into the cell the virus nucleoprotein is hy-
drolyzed with release of amino-acid and free
nucleic acid, while the virus envelope protein and
haemagglutinin remain on the cell surface."
Subsequently, Zhdanov et al. (35) reached a
similar conclusion based on autoradiographic
studies of Sendai virus. Rubin and Franklin (28)
suggested that, in the case of Newcastle disease
virus, "it is unlikely that engulfment (phagocyto-
sis) plays an important part," for, they reasoned,
the minute amounts of antibody apparenty needed
to prevent penetration of the virus into the host
cell could "hardly be expected to interfere with
engulfment." Then Cohen (3), in reviewing mech-
anisms of penetration, called attention to two
micrographs published 6 years previously by
Adams and Prince (1). These authors described
their observation in a caption as follows: "In
some cases the section plane passes through the
adsorption site (of Newcastle disease virus) sug-
gesting disappearance of the external lamella of
the limiting membrane of the particle as well as
the subjacent plasma membrane of the (Ehrlich
ascites) cell at the point of contact." Unfortu-
nately, this was the extent of their comment, and
the observation was nowhere alluded to in the
main text of their paper. Nevertheless, Cohen (3)
suggested that "this observation provides a clue
to a hypothesis, admittedly speculative, of myxo-
virus penetration which has the advantage of be-
ing compatible with all the experimental observa-
tions relevant to penetration. This is that on close
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apposition of virus and cell surfaces there is a
fusion of the opposing lipoprotein membranes
with establishment of continuity. In this way, the
virus-membrane envelope becomes incorporated
in the cell membrane, and the internal constitu-
ents of the virus become extruded into the cyto-
plasm." Finally, in a recent electron microscopic
study of the penetration of Newcastle disease
virus, Meiselman et al. (20) noted fusion of the
virus to cell membranes within 10 min and com-
mented that "one must consider the possibility
of virus entry by fusion of the viral envelope with
the cell membrane; in this case, the viral nucleo-
protein would be directly released into the cyto-
plasm." They were unable, however, actually to
observe stages in the passage of nucleoprotein
into the cytoplasm of the host cell. [Since sub-
mission of this manuscript, Philipson, in a study
of adenovirus eclipse, suggested that the virus
may be uncoated at the cell surface (J. Virol. 1:
868-875, 1967).]
The purpose of this communication is to illus-

tate and describe (i) fusion of herpes simplex
virus with the host cell; (ii) the process whereby
the capsid enters the cytoplasm; and (iii) release
of the core, which is presumed to contain the
infectious nucleic acid.

MATERIALS AND METHODS

Virus. The Miyama strain (26) of herpes simplex
virus was grown on monolayers of HeLa cells in
Eagle's medium supplemented with 10% fetal calf
serum. High-titer stocks were obtained by sonically
treating infected cultures and using the supernatant
fluid after it had been cleared by low-speed centrifu-
gation.

Inoculation. Plastic 30-ml flasks were seeded with
105 HeLa cells. Sparse cell layers (before there was
appreciable contact inhibition) were washed once with
Earle's solution and inoculated with 0.5, 1.0, or 1.5
ml of prewarmed, undiluted stock virus suspension
containing approximately 107 TCIDso/ml. In one experi-
ment, the stock had been frozen and thawed, but the
results did not differ from those obtained with fresh
virus suspensions. At intervals of 10, 20, and 40 min,
during which time the flasks were rocked gently at
37 C, the cells were harvested for electron microscopy.
In other experiments, the cells were washed with
Earle's solution after 1 hr of incubation with the virus
inoculum. Fresh prewarmed Eagle's medium supple-
mented with 5% fetal calf serum was then added,
and the cells were incubated for an additional 1 to
3 hr.

Neutralization. Concentrated virus inoculum was
mixed with herpes simplex rabbit antibody globulin
conjugated with ferritin by the method of Rifkind et
al. (27). (The antibody was kindly provided by R. A.
Malmgren, National Cancer Institute.) The mixture
was added to the cultured HeLa cells and incubated
for 2 to 4 hr at 37 C. After the cells were washed in
Earle's solution, they were processed for electron

microscopy. Rabbit antibody to normal, uninfected
FL cells was applied in a similar manner.

Preparation for electron microscopy. The cells were
washed with Tyrode's solution, scraped, centrifuged
gently into a pellet, fixed for 30 min in 1% glutaralde-
hyde, washed, fixed for 30 min in 1% osmium
tetroxide, dehydrated, and embedded in epoxy resin
(Epon 812). The sections were stained with uranyl
acetate and lead citrate before examination in a
Phillips E. M. 200 electron microscope.

RESULTS

Figures 1-14 and 17-20 are reproduced at the
same magnification (180,000 x). In Fig. 1 (10
min after addition of virus), the viral envelope
adjacent to the cell wall on the left is flattened
and appears thin. Figure 2 illustrates a particle
whose envelope has been more extensively
damaged. There are also regions of low density
between envelope and capsid at sites removed
from the cell wall. In Fig. 3, the process of diges-
tion is still further advanced, and part of the cell
wall appears indistinct. Figure 4 shows beginning
fusion of the viral envelope with the cell. As in
previous micrographs, the envelope adjacent to
the cell had disintegrated. In Fig. 5, fusion seems
to have been completed, and nothing intervenes
between capsid and cytoplasm; the cell wall
appears to have broken down in the upper portion
of the field. Figures 6-8 illustrate a similar se-
quence of events, but with the interesting appear-
ance of a projection of the virus extending toward,
and fusing with, the cell wall. This phenomenon
suggests that attachment of the viral capsid to the
cell is so firm as to resist forces which seek to
dislodge the virus (such as washing the prepara-
tion). Thus, the envelope at the site of attach-
ment is stretched or pulled out. Figures 9 and 10,
taken 20 min after addition of the virus, illustrate
fusion of a double capsid particle to the cell
(which occupies the lower portion of the field)
and the presence of two capsids in the cytoplasm
just beneath the cell wall. Note in the latter in-
stance the dense granular material, which presum-
ably represents part of the viral envelope close to
the site of penetration. In Fig. 11, the lower
particle has fused with the cell while the upper
one is intact. It may be supposed either that the
latter lodged at this site just before the prepara-
tion was fixed and hence digestion had not begun
or that the plane of section does not pass through
the site of attachment. Figure 12 shows a viral
particle which had been treated with ferritin-
conjugated antibody to the virus before addition
to the tissue culture. Although the cell was not
fixed until 4 hr after application of the virus, there
is no clear digestion of the envelope adjacent to
the cell on the left. (The probable reason for the
somewhat "moth eaten" appearance of the en-
velope will be discussed at the conclusion of the
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FIG. 1-5. Stages in the attachment and digestion of the viral envelope at the cell surface. X 180,000.
FIG. 6-8. Distorted viral envelopes at the cell surface. X 180,000.
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FIG. 9 and 10. Fusioni and enitry ofdouble capsid forms ofthe virus. X 180,000
FIG. 1 1. Fusion of virus to the cell wall. X 180,000.
FIG. 12. Virus with ferritin-conjugated neutralizing antibody. X 180M000
FIG. 13. Virus with ferritin-conjugated antibody specific for FL cells. X 180,000
FIG. 14. Virus within a phtagocytic vacuole 2 hr after addintg virus to the tissue culture. X 180,000.
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FIG. 15. Two capsids within the cytoplasm near the cell surface. X 85,000.
FIG. 16. A capsid within ihe cytoplasm about halfway between the cell surface at the top and thIe nucleus at the

bottom. X 110,000.
FIG. 17. A capsid close to the iiucleus at the left. There appears to be continuity between the cytoplasm and the

nuclear matrix. X 180,000.
FIG. 18-20. Stages in the disintegration ofcapsids at the c(ll surface. Two micrographs illustrate twin capsids.

In each case the cell wall has remained intact. X 180,000.
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next paper in this series.) It should be emphasized
at this point that very little virus treated with
antibody was encountered at the cell surface, and
a prolonged search was necessary to find five
such particles. Figure 13 illustrates a particle after
a large excess of ferritin-conjugated antibody to
FL cells had been added to the virus at the time
of inoculation. Digestion of the envelope and cell
wall is evident. It is of interest that ferritin is
scattered between the capsid and envelope, in-
dicating that this portion of the virus has
become permeable, as might have been suspected
from examination of Fig. 2 and 3.

Figure 14 illustrates virus within a phagocytic
vacuole, 2 hr after addition of virus and 1 hr
after the cells had been washed. The viral envelope
has been partially digested but the capsid and wall
of the vacuole appear to be intact.

In Fig. 15, two intact capsids enclosing dense
cores lie within the cytoplasm just beneath the
irregular cell surface, which is evident on the
right. Figure 16 shows an intact capsid half-way
between the surface of the cell at the top and the
nucleus at the bottom. These two micrographs
illustrate cells fixed 20 min after inoculation of
virus. In Fig. 17, at 40 min, a capsid is in close
proximity to the nucleus at the left. The nuclear
membrane has disrupted and there seems to be
continuity at this site between the cytoplasm and
the nuclear matrix. Although no clear break in
the capsid is evident, the elongation of the core
and its fusion with the capsid at the upper left
suggest that release was about to occur. (It is
of interest in this connection that a small per-
centage of cores appear to be released without
obvious disruption of the capsid. This phenom-
enon is currently under investigation.)

Figures 18-20 are believed to illustrate examples
of envelope digestion without capsid penetra-
tion. The cells were fixed 2 hr after inoculation.
Figure 19 and more particularly Figure 20 reveal
stages in the disintegration of capsid and core at
the surface of the cell. There is every reason to
suppose that enzymatic digestion of the envelope
would not always be accompanied by fusion with
the cell. Under such circumstances, the capsid,
devoid of its protective envelope, might be
expected to disintegrate.

Figures 21 and 22, both taken at 40 min, show
stages in digestion of the capsid. In the fQrmer,
the envelope of a viral particle within a crypt
appears to be undergoing digestion at one site.
To the right is an intact capsid with attached
dense material similar to that noted in the descrip-
tion of Fig. 10. Near the bottom of the field, the
capsid has nearly disappeared, leaving the core
free within the cytoplasm. Figure 22 shows an
intact capsid, a capsid which has largely disinte-

grated, and a free viral core. Capsids and cores
were not found within the endoplasmic reticulum,
suggesting that passage to the nucleus is hap-
hazard and not the result of an ordered, chan-
nelled system of transport.

DISCUSSION
With regard to phagocytosis, cells would be

expected to imbibe virus, since the process is non-
specific and acts on any particulate matter. In-
deed, thorotrast introduced into the medium has
been shown to be taken up by the same vesicles
as the virus (13). Although phagocytosis cannot
be excluded as the process whereby herpes
simplex virus initiates infection, three observa-
tions would seem contrary to this concept. First,
phagocytosis cannot explain the formation of the
polykaryocytes, which result from cell fusion and
will be discussed in detail subsequently. Second,
it was far more common to encounter virus in
process of digestion at the cell surface than to find
it within phagocytic vacuoles. Third, whereas
capsids and cores were repeatedly found free in
the cytoplasm, stages in their release from vacu-
oles were not observed. This discrepancy was also
noted by Holmes and Watson (13) as well as by
Epstein et al. (11). The latter authors com-
mented that "the stripped, naked, central portion
of the virus was occasionally found in vacuoles
but was more commonly free in the cytoplasmic
matrix; the mode of transition between these sites
could not be determined."
The first stage of entry would appear to be

attachment of the viral envelope to the protein
coating the surface of the host cell. Once this has
occurred, antibody presumably cannot intervene.
Attachment must occur rapidly, for the inability
of antibody to prevent infection when added after
adsorption of the virus (2) becomes evident
within 10 min (17, 29). As previously noted, the
scarcity at the cell surface of virus complexed
with antibody is consistent with the generally
accepted view that antibody interferes with
attachment. The second stage, the beginning of
which is evident by the 10th min, is characterized
by disintegration of the viral envelope adjacent
to the cell wall. The appearance ot this phenom-
enon in the electron microscope and the prob-
able temperature dependence of the reaction (17)
are in accord with the concept that enzymatic
digestion is responsible. The fact that the envelope
of particles coated with specific antibody was not
digested by the 4th hr indicates that antibody can
act to block this second stage of entry. [Studies
of Newcastle disease virus (28) suggest that the
role of antibodies can be separated into two
phases: the first acting on attachment, the second
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on penetration. Of these, the authors concluded
that the second is "the basic mechanism of
neutralization."] As digestion proceeds, the
remnants of the viral envelope fuse with the cell
wall. Subsequently, the wall of the cell also
disintegrates, probably through the action of a
second enzyme. Were such an enzyme a com-
ponent of the virus, as suggested by Zhdanov
and Bukrinskaya (34), one might expect that it
would also be operative on the invaginated cell
walls composing the phagocytic vacuoles. Such,
however, was not the case, for, as noted above,
the vacuoles containing virus exhibited intact
walls. Presumably, then, an enzyme capable of
digesting the cell wall is activated by the virus at
the site of attachment. Finally, it is necessary to
postulate the existence of a third enzyme cap-
able of attacking the capsid within the cytoplasm.
This enzyme probably appears between 20 and 40
min after inoculation of virus, since capsids were
first encountered in process of disintegration in the
third sample (taken at 40 min). From this point
on, the core is lost to view because it becomes
indistinguishable from other dense granules often
present in the cytoplasm and nuclei. Extensive
search failed to reveal any cores enclosed by
capsids within nuclei. It should be pointed out
that a variety of stages in the process of entry
and release of deoxyribonucleic acid was en-
countered, even up to the 2nd hr, suggesting that
attachment and penetration may continue for a
considerable period of time under the conditions
of these experiments.
The foregoing sequence of events is not dis-

similar in broad outline to that found to occur in
the case of poxviruses. Joklik (18) reported that
there are two stages in the uncoating of the viral
genome. There is immediate removal of coat
protein, together with breakdown of the phos-
pholipid. Protein synthesis was not found to be
necessary for this first stage. After a lag of about
1 hr (the duration depending partly upon the
multiplicity of infection), the deoxyribonucleic
acid is liberated from the viral core. Joklik
postulated "that a certain pox-virus protein mole-
cule (the viral inducer protein) causes the host
cell genome to code for a protein (the uncoating
protein) which liberates the viral genome."
The question naturally arises as to why others

have not observed the process of herpes viral
entry described in this communication. One
explanation may be that the event occurs quickly
and thus can be easily missed. (A laborious and
extensive search was necessary to record the se-
quential stages reported here.) Another explana-
tion may be that it has been seen but not recog-
nized. For example, particle i in Fig. 4 and the un-
marked particle in Fig. 7 of the micrographs illus-

trating the paper by Epstein et al. (11) show viral
envelopes which clearly seem to be undergoing
disruption at the cell surface.

If herpes simplex virus initiates infection by the
process herein described, it might be expected that
other viruses, particularly those with ether-
sensitive, lipoprotein coats might act in a similar
manner. The work of Hoyle and Finter (16) on
influenza virus and of Zhdanov et al. on Sendai
virus (35) has been mentioned. More recently,
negative staining and analysis of 32P-labeled virus
were employed to define the reaction of influ-
enza virus with fragments of particles obtained
from normal chorioallantoic membranes (14). In
1962, Hoyle (15) summarized the results of these
studies as follows: "Immediately after adsorption
of virus to the N.C.P. (normal cell particle) sur-
face an interaction takes place between the lipo-
protein envelope of the virus and that of the
normal cell particle. The experiments with 32p_
labeled virus indicate that phospholipid becomes
displaced from the virus lipoprotein envelope. In
the electron microscope, the virus envelope
shows a patchy disintegration, and many of the
particles appear to burst and release their inner
component. The normal cell membrane may also
show disintegration as a result of contact with
the virus." As was noted previously, the electron
microscopic studies of Newcastle disease virus
by Adams and Prince (1) and by Meiselman et al.
(20) are entirely consistent with his hypothesis.

In conclusion, it should be emphasized that the
purpose of this paper is not to deny the possibility
that phagocytosis may play a role in the process
whereby certain viruses gain entry and initiate in-
fection, but rather to propose an alternative mech-
anism. Electron microscopic examination alone
cannot define which of two viral particles entering
by two different mechanisms actually infects the
host cell. Studies employing other methods are
now in progress in the attempt to isolate and
characterize the enzymes involved and thus shed
further light on the process of entry.
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