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Examination of infected cells at sequential intervals after infection revealed that
the first viral forms to appear were capsids enclosing cores of low density. Not until
the 6th hr were dense cores encountered, and at approximately the same time
enveloped virus was seen. Envelopment occurred most frequently in close proximity
to the nuclear surface, although the process was also encountered within the nuclear
matrix and in the cytoplasm. There was often extensive proliferation of the nuclear
membrane. Envelopment of the virus by budding from the cell surface was not
observed. It was concluded that enveloped virus consitutes the infectious particle and
that the unenveloped capsid is unstable outside the cell. Nevertheless, it is likely that
capsids enclosing infectious nucleic acid can pass directly from one cell to another
after fusion has taken place.

Herpes simplex virus has been extensively stud-
ied in sectioned cells (8, 11, 16, 22, 23, 25, 34,
35, 37, 41), and there is general agreement as to
the manner in which the viral particles are formed.
Nevertheless, before investigating the effects of a
blocking agent (hydroxyurea) and before the
application of ferritin-conjugated antibodies, it
seemed advisable to re-examine in detail the
process of development at sequential stages of
infection in a manner analogous to the studies by
Stoker et al. (40), Watson et al. (44), and Siminoff
and Menefee (36). The present communication
illustrates and describes the results of this inves-
tigation and reports several unusual types of viral
particles.

MATERIALS AND METHODS
Cells anid culture media. A line of stable human

amnion cells (FL) was used. Eagle's minimal essential
medium (MEM) with Hanks' balanced salt solution
was obtained from Grand Island Biological Co.,
Grand Island, N.Y., and was supplemented with 10%
calf serum. For infectivity titrations, the medium was
supplemented with 5%c calf serum.

Virus. The Miyama strain of herpes simplex virus
was used. Of the three variants, which can be differ-
entiated by their cytopathic effects (26), the - GCr
and +GCr variants were employed for the present
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experiments. The results with both strains of virus
were similar. High-titer virus stocks were prepared
from heavily infected FL cells 48 to 72 hr after infec-
tion, and the supernatant fluid obtained after low-
speed centrifugation was used for inoculation.

Viruis inifectioni anld titrationi. Monolayers of FL
cells were prepared in screw-cap test tubes or in 30-
ml plastic bottles (Falcon Plastic, Los Angeles,
Calif.). The former contained 3 X 105 to 6 X 10l
cells; the latter, 106 to 2 X 106. The cultures were
infected with the virus at multiplicities of 8 to 30
plaque-forming units (PFU). After 1 hr at 37 C, the
monolayers were washed three times with MEM,
and medium supplemented with 5%,, calf serum was
added. In time-sequence studies, the cultures were
removed at intervals for assay of cell-associated virus
and for electron microscopy. For the former, the
culture fluid was replaced with 2 ml of fresh MEM and
the cultures were frozen and kept at -20 C. The
cultures were later thawed and sonically treated. Viral
infectivity titration was performed by the end-point
method (expressed as TC'ID.o) or by the microplaque
technique reported by Farnham (12).

Preparation for electroni microscopy. The cells were
treated as described in the preceding paper.

RESULTS
Characteristic viral particles. The earliest signs

of infection, which were detected at 4.5 hr, con-
sisted of irregular condensation and beginning
margination of the nuclear chromatin (Fig. 1).
Only rarely were viral particles encountered at
this stage. By the 5th hr, scattered viral particles
with capsids and cores of low density were ob-
served. In an extensive study of many nuclei at
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this stage of infection, about 100 viral particles
were found, and all exhibited cores of low den-
sity. Partially formed or incomplete virus of the
type illustrated in Fig. 3 (see also the upper
particle in Fig. 2) was rarely encountered.
Capsids enclosing electron-dense cores were

first noted at 6 hr (Fig. 4, arrow). In addition,
there were empty particles and clusters of irregu-
larly shaped granules (Fig. 5). Crystallization
occurred, but only at late stages of infection
(Fig. 6).

Bizarre viral forms. Although the types of viral
particles illustrated above constituted the major-
ity, there were also bizarre forms. Figure 7
illustrates an intranuclear crystal composed of
capsids enclosing a variety of internal compo-
nents. Some are filled with electron-dense mate-
rial; others contain oval cores of differing density
or short rods; still others exhibit multiple, small,
internal granules. A considerable proportion are
empty. The inset of Fig. 8 shows another unusual
form of the virus, in which dense, tadpole-
shaped structures lie free or are partially enclosed
within the capsid. Occasionally, crystals contain-
ing many of these structures were encountered.
Figure 8 illustrates an example. Numerous viral
particles within the crystalline matrix appear
either to be malformed or to be in the process of
disintegration. To the right, dense filaments seem
to project into the crystal, and some lie between
the capsids. Figure 9 shows two contiguous crys-
tals composed of capsids with strikingly different
cores. Scattered dense filaments are evident. In
the upper part of Fig. 10, there are distorted,
interwoven membranes, which presumably re-
sulted from aberrant capsid synthesis. A collec-
tion of granules occupies the lower portion of the
field. Occasionally, tubules (Fig. 11) and spirals
(inset) were seen within infected nuclei, and in
rare instances bundles of filaments were en-
countered. The former are reminiscent of in-
tranuclear structures associated with adenovirus
(24).
Envelopment. Figure 12 illustrates part of a

reduplicated nuclear membrane extending into
the nuclear matrix near several capsids. The cyto-
plasm occupies the right margin of the field. In
Fig. 13, double membranes enclose rows of cap-
sids within a nucleus. Figure 14 shows a similar
phenomenon, but some membranes appear to
have fused, thus forming one or more thickened
lamellae. Such a process can result in the forma-
tion of extraordinary concentric lamellae (Fig.
15), among which are generally scattered capsids
or enveloped virus. Not infrequently, enveloped
virus is also found between nuclear membranes
(Fig. 16). Reduplication of the nuclear membrane

may remain localized at the nuclear margin,
extending neither inward to the nuclear matrix
nor outward to cytoplasm (Fig. 17). At first
glance, such membranes appear to resemble the
reduplicated membranes observed in association
with adenovirus (15), but fusion is a distinctive
phenomenon. As will become plain shortly,
fusion does not occur between paired membranes,
but back to back as it were, between the contigu-
ous membranes of two pairs.

Figures 18 and 19 show proliferation of fused
nuclear membranes outward into the cytoplasm.
It is noteworthy that in both instances there are
few viral particles in the vicinity. Figure 20 illus-
trates the site of fusion of cytoplasmic mem-
branes, probably rough endoplasmic reticulum.
The fusion is not occurring between paired mem-
branes enclosing the cisternae (see arrows) but
rather, as mentioned above, between the external
aspect of adjacent pairs.

Occasionally, virus was encountered in the
process of budding into cytoplasmic vacuoles
(Fig. 21 and 22). In this situation, the membranes
were generally thin and devoid of ribosomes.

Figures 23 and 24 illustrate cytoplasm at ad-
vanced stages of infection. The former shows
numerous enveloped particles aggregated within
large vacuoles, many of which intercommunicate.
The irregular, jagged surface of the cell (at the
upper left) suggests that vacuoles have ruptured,
with extrusion of their contents into the extracel-
lular space. The inset (taken from the cytoplasm
of another cell) illustrates the two characteristic
types of enveloped particles, one with a zone of
low density separating the capsid from the enve-
lope and the other with dense material between
these structures. In both cases, the envelope is
enclosed by a thin membrane, so that each particle
lies within a walled vacuole. It will be noted that
almost all enveloped viral particles belong to one
of these two types. In Fig. 24, the vacuoles are
small, generally enclosing one, or occasionally
two, particles. There are double capsid forms.
Unenveloped capsids are also evident. It should
be emphasized at this point that intracytoplasmic
virus, whether enveloped or not, almost invari-
ably exhibits a dense core. Figure 25 illustrates
the two characteristic types of virus on the surface
of an infected cell. Figure 26 shows intracyto-
plasmic capsids with dense cores which differ in
size and shape. At the left, three enveloped viral
particles appear to lie within channels of the
endoplasmic reticulum. Figure 27 illustrates part
of a nucleus (at the bottom) containing capsids.
Close to the nuclear membrane (on the left), virus
appears to be in process of envelopment. Lamellae
are evident along part of the surface of the cell
(at the top).
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FIG. 6. Typical intranuclear crystal composed of capsids and cores. Note the small proportiont of dense cores.

The margins ofthe crystal appear to be undergoing dissolution. X 35,000.
FIG. 7. Pleomorphic cores with capsids composing a crystal. Many of the capsids are malformed or only partiallv

formed. X 55,000.
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FIG. 8. Dense, elonzgated filaments projecting inito, and lyinzg within, a crystal. As in the precedilng micrograph,
many ofthe capsids are malformed. Iiset: tadpole-like structures partially eniclosed by capsids. X 54,000.
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FIG. 9. Two crystals composed ofcapsids containing cores ofdiffering structure. X 55,000.
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FIG. 10. Interwoveni membranes encoun?tered late in the course of infectionz anid thought to be ani aberrant Jbrm
of the capsid. X 55,000.
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FIG. 11. Intranuiclear tubules. X 55,000. Inset: spiral. X 70,000.
FIG. 12. Extension ofa reduplicated nuclear membrane into the nuclear matrix. X 55,000.
FIG. 13. Capsids arrayed on double membranes within a nucleus. X 30,000.
FIG. 14. Clharacteristic intranuclear membranes enclosing capsids. X 40,000.
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FIG. 15. An unusually large array ofintraniuclear, fused membranes associated with capsids and enveloped virus.
X 28,000.

FIG. 16. Enveloped virus between the nuclear and cytoplasmic membrane. X 32,000.
FIG. 17. Multiple fused membranes at the margin ofa nucleus. X 40,000.
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FIG. 18. Fused nuclear membranes extendintg ilito the cytoplasm toward the left. X 22,000.
FIG. 19. Fused nuclear membranes, many of which have detached and lie free with the cytoplasm at the left and

right margins ofthe field. X 22,000.
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FIG. 20. Zone of transitionz between discrete and fused cytoplasmic membranes. The arrows inzdicate interior
channels ofthe endoplasmic reticulum. X 200,000.

FIG. 21. Capsids budding (anld thus becoming enveloped) ilito cytoplasmic vacuoles. X 95,000.
FIG. 22. Antother example of budding. Note two twin capsid forms on the left. X 60,000.
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FIG. 23. Intracytoplasmic virus, the majority of which lies withini large vacuoles. The irregutlar margini of the
cell at the upper left suggests that one or several vacuoles htave ruptured with release of virus. X 28,000. Inset: tlhe
two types ofvirus most commonly encoiuntered. In the upper viral particle, a clear zonte separates the capsid from
the entvelope; in the lower, a deiise zonie separates the capsid from the entvelope. Both are enzclosed wvithint a third
(cytoplasmic) membrane, which is shed upon release. X 58,000.
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FIG. 24. Cytoplasm conitainin1g virus. No more than two particles lie within a given vacuole. Note the twin capsid
forms and, n?ear the right margin1 in the mid-third. a capsid btudding into a vacuole. Free capsids are also present.
Compare the proportion of denise cores seen here with those generally ohserved in the nucleus (Fig. 6 an1d 7). X
28.000.

FIG. 25. Extracellular virus ofthe types shown in the inset to Fig. 23. The virus lies on the surface ofan infected
cell and is therefore niot in the process ofdigestioni. X 75,000.
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FIG. 26. Ani unul(sual micrograph showing elveloped virus wVithlin rough enidoplasmic reticulum at the left. X

40,000.
FIG. 27. Capsids within the niucleus (at the bottom) antd in the process of elnvelopmenit at the niuclear nmargin

(lower left). Thlesuirface of the cell has beeni altered. X 42,000.
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FIG. 28. Virus scattered betweent cytoplasmic projections from ant infected cell. The envelopes ofsome particles
appear to be undergoing digestion at random sites. X 38,000.
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ELECTRON MICROSCOPY OF HERPES SIMPLEX.I3

In Fig. 28, released viral particles are lodged
between cytoplasmic processes of an infected cell,
the cytoplasm of which occupies the right portion
of the field. Close examination of the viral en-
velopes reveals that some appear to be in the
process of disintegration. It should be pointed
out, however, in contrast to the virus shown in
the preceding paper, that damaged segments are
oriented at random with respect to the cell surface.

Unfortunately, time-sequence study is clear-cut
only during the initial stages of viral synthesis, for
by about the 8th hr not only are many stages
visible at one time within any given cell but
asynchrony has become apparent when different
cells are compared. Accordingly, it was decided to
summarize in a rougly quantitative manner the
forms of virus observed at intervals after infec-
tion, as shown in Fig. 29. Although cores en-
closed by capsids were first seen at 4 hr, they were
also encountered as late as 48 hr after infection.
At 6 hr, dense cores with capsids were observed,
and at approximately the same time particles with
envelopes appeared. The latter accumulated within
the cytoplasm as infection progressed, whereas
the former maintained roughly the same numbers.
These results are in general agreement with those
of Watson et al. (44), Siminoff and Menefee (36),
and Stoker et al. (40), although the last group
reported that capsids appeared somewhat later.
Figure 29 also shows that crystals and aberrant
forms of the virus did not appear until late in the
the course of infection.

HOURS AFTER INFECTION

4 5 6 8 12 24 48

0 + + * 44 * *
© ++*****

crystal + *

(& + *
bizarre
~-shapes £ 1

DIscussIoN
Formation of the core and capsid can be better

understood when examined in conjuction with
data derived from blocking experiments. Accord-
ingly,discussion of this aspect of development will
be deferred until the conclusion of the third paper
in this series. It should be mentioned, however,
that bizarre forms of the core were not uncom-
mon and have been observed previously in studies
of herpes simplex virus (34, 36, 41), as well as of
other members ofthis group (2, 3, 6, 7, 18, 30-32,
42, 45). Tadpole-like structures have also been
encountered in studies of Lucke adenocarcinoma
virus (13) and cytomegalovirus (19, 30). In view
of the fact that such cores were not observed at
early stages of infection in the present study and
were rarely seen within enveloped particles, one
is led to conclude that the bizarre forms are
aberrant and result from asynchronous or other-
wise defective mechanisms of assembly. Another
peculiar arrangement of the virus is illustrated by
Fig. 10. The capsid-like material is interwoven
and does not enclose cores. Although it was
suggested previously (25) that such particles
were in the process of formation, their presence
only at terminal stages of infection sug-
gests that they are examples of aberrant capsid
differentiation in the absence of core formation.
There are differing explanations of the manner

in which the viral envelope is formed. Morgan
et al. (25) and Shipkey et al. (34) stressed the role
of the nuclear membrane, whereas Epstein (8)
and Siminoff and Menefee (36), while observing
enveloped virus in nuclei, believed that the process
of envelopment most commonly occurred within
cytoplasmic vacuoles or by budding at the cellular
surface. The present study supports the concept
that envelopment occurs in the nucleus and cyto-
plasm. However, budding of the virus at the cell
surface could not be confirmed.
The nuclear membranes can proliferate in such

a manner as to remain localized at the surface of
the nucleus, project inward into the nuclear
matrix, or extend outward into the cytoplasm. In
the last instance, they not infrequently become
detached. Although proliferation of nuclear mem-
branes has been observed in previous studies of
herpes simplex virus (11, 25, 34, 35, 41, and 44),
their extension into the cytoplasm has been more
difficult to document (25, 34). Protrusion of
nuclear membranes so as to form vesicles in the
cytoplasm has also been seen in pseudorabies
virus (14), cytomegalovirus (28), and infectious
bovine rhinotracheitis (2) virus. [In this regard, it
is remarkable that Achong and Epstein (1) and
Epstein et al. (9) noted membranes, which were
indistinguishable from those illustrated by Fig.

FIG. 29. Chiart summarizing the relative numbers of
differentt viral forms encountered at sequential intervals
after infection.
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18 and 19, in their studies of biopsies and cultured
cells from Burkitt lymphomas, although they were
unable to demonstrate viral particles.] The com-
plex question of membrane fusion will be dis-
cussed in a later report.
Envelopment of the virus must occur very

rapidly, since stages in the process, whether in the
cytoplasm or nucleus, were seen infrequently.
The majority of particles seemed to acquire an
envelope in the immediate vicinity of the nuclear
membrane as they passed from the nucleus into
the cytoplasm. The observation that there are
two types of envelopes-one thick and closely
applied to the capsid, the other thin and separated
from the capsid by a zone of low density-must
mean that there are two distinct types of mem-
branes capable of enveloping the virus. The pos-
sibility could not be excluded that some envelopes
derive from the endoplasmic reticulum, since
virus was occasionally observed within channels
lined by membranes with associated ribosomes.
Studies of other members of this group of viruses
have shown enveloped forms of the virus in the
nucleus, as in the case of varicellazoster virus (42),
cytomegalovirus (20, 21, 27), and the Lucke virus
(13), and in the cytoplasm, as in studies of herpes
B virus (5), pseudorabies virus (14), rhino-
pneumonitis virus (6), cytomegalovirus (20), and
the virus associated with the Lucke renal adeno-
renal carcinoma of frogs (18). The suggestion,
advanced in an earlier report (25), that un-
enveloped capsids necessarily disintegrate within
the cytoplasm, was erroneous.
Of particular interest is the fact that no report

of herpes simplex virus or any other virus in this
group illustrates or describes release of virus from
the cell by the process of budding from the cell
surface suggested by Epstein (8) and by Siminoff
and Menefee (36). Two alternative explanations
for Epstein's findings may be advanced, namely,
that either he happened to have a unique strain of
virus or that he was led into an erroneous inter-
pretation of his micrographs. One can suggest
that several of his micrographs, which are very
similar to those illustrating the initial paper of
this series, show virus gaining entry. Regarding
the report by Epstein and Holt (10) of adenosine
triphosphatase at the surface of extracellular
virus, it can be argued that the enzyme on the
surface of the host cells may have coated the virus
in a fortuitous manner during the process of
release. Close inspection of the published micro-
graphs leaves considerable doubt as to whether
the stained material is an intrinsic part of the
envelope of the virus. The micrographs by
Siminoff and Menefee (36) are difficult to inter-
pret, since several are reproduced at low magni-
fication. One particle in their Fig. 20 may have

been in the act of budding. We are inclined, how-
ever, to maintain that virus is released by the
process of "reverse phagocytosis" originally pro-
posed (25). A similar phenomenon has been re-
ported in studies of pseudorabies virus (14) and
the Lucke virus (18). Of interest is an unusual
situation pertaining to the Lucke virus within the
epithelium of renal tubules (13, 18, 45), for under
these circumstances extracellular virus was found
to possess a protective coat enclosing the en-
velope. Disruption of the cell with release of
intact cytoplasmic vacuoles containing virus
could account for this, but to date such a man-
ner of egress has not been described.
One problem of considerable significance has

proved difficult to solve conclusively, i.e., whether
the core enclosed by a capsid but devoid of an
envelope is infectious. This question was initially
posed by Pirie (29). Watson and Wildy (43) sug-
gested that the envelope was not necessary for
infection, although they gave no supporting data.
Subsequently, in a study of the sequential stages
of development correlated with negative staining
of purified virus and determination of infectivity
in their cultures, Watson, Wildy, and Russell (44)
concluded that "both naked [cores enclosed by
capsids but devoid of envelopes] and enveloped
particles are infective." Smith (38), however,
separated capsids from the enveloped forms by
cesium chloride density gradient centrifugation,
and, although admittedly this procedure is damag-
ing to the virus, his results leave little room for
argument. A fraction containing more than 99%
unenveloped capsids had a particle-PFU ratio
of 8,000, whereas fractions with 70 to 82%
enveloped virus showed a particle-PFU ratio of
10 to 12. Our results are in complete agreement
with his conclusion, namely, " that the envelope
plays an essential role in herpes virus infection."
Among the thousands of extracellular particles
encountered during intensive study over a period
of 3 years (the time necessary to assemble the
data published herein), almost all possessed
envelopes. We are led to conclude, therefore, that
the unenveloped capsid is unstable outside the
cell and that the enveloped capsids are the infec-
tious or complete virus.
The foregoing hypothesis is consistent with the

possibility that the unenveloped capsid can trans-
mit infection to neighboring cells that have be-
come fused to the host cell. Black and Melnick
(4) noted the formation of plaques when cultures
of kidney epithelial cells were infected with herpes
B virus and incubated in the presence of antibody.
They further observed that virus from initially
infected cells would pass directly to neighboring
cells and that "several cycles may have occurred
in this manner before any infectious virus was
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released into the medium." Two explanations of
these data are possible. Infection of adjacent cells
was caused either by fully infectious, stable virus,
which was not released into the medium, or by an
unstable form of the virus. Stoker (39) re-ex-
amined the problem using herpes simplex virus in
HeLa cells. He reported that when cells were
disrupted by freezing, only I in 130 (0.8 %)
released infective virus, despite the fact that
43.6% of the intact cells could give rise to plaques,
i.e., infect adjacent cells in the culture. He con-
cluded that "these results raise the possibility
that vegetative herpes virus can spread from cell
to cell." If the assumption is correct that the
unenveloped capsid is unstable in the extracellular
environment but may possess infectious nucleic
acid, then it follows that this form of the virus
accounts for the spread of infection from one cell
to the next in the absence of otherwise demon-
strably infectious particles. The possible mecha-
nism of cell fusion, which would permit the spread
of unenveloped capsids directly to adjacent cells,
will be discussed in paper IV.
As noted in the description of Fig. 28, the

envelopes of the extracellular virus frequently
appear to be in the process of disintegration. It
seems not unreasonable to assume that the en-
zyme believed capable of digesting the envelope of
virus at the moment of entry into uninfected cells
diffuses into the tissue culture media in sufficient
quantity to digest the viral envelopes of newly
released particles. This would explain the "moth-
eaten" appearance of such envelopes (see Fig.
12 of the preceding paper) and also account for
the relative instability of the virus, noted by so
many investigators. For example, Scott et al. (33)
reported the half-life to be 1.5 hr at 37 C.
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