
Title
Electron Microscopic Observations on FL Cells
Infected with Herpes Simplex Virus. II.
Envelopment

Author(s) Nii, Shiro

Citation Biken journal : journal of Research Institute
for Microbial Diseases. 1971, 14(3), p. 325-347

Version Type VoR

URL https://doi.org/10.18910/82750

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



ELECTRON MICROSCOPIC OBSERVATIONS ON FL CELl, S

INFECTED WITH HERPES SIAIPLEX VIRUS 11. ENVELOPMENT'

SHIRO NII

Departntent of Filtholog}., Resenrclt institute for \. Iicrobial Diseases, Osaka University. ,
Yamada-1<nmi, Suita, Osaka

(Re. .it"d Man. 7,1971)

CAI\IARY FL cells infected with one laboi. at ory strain (-GCr Allyama) and
three freshly, isolated strains (I\\, a, 1<0 and \\'at ariabe) of Ilerpes simplex virus

\\'ere fixed at late stages of infection. Thin sections of the cclls \\, ere prepared and ex-
amined \\. ith an electron microscope. The following obscrvations \\. ere made. En-
velopment of lierpes siniple\ \, irus occurred by budding into the perlnticlear cisterna
from tile inner nuclcar membrane, b\, associatioi\ \\, ith double nTembrane structures
in the cytoplasm and by budding into cytoplasmic \, acuoles from tile membranes of
these \, acuoles. Budding of \, irus particles into Ituclear \. actioles \vhicll seemcd to
communicate witli the perlnucleai' cistei'na \\, as also observed. flowever, ITo budding
of the \, Irus at the cell surfacc \\, as seen. TllCTe are t\\. o patli\^a\. s for e ress of cnvel-
GPed pal'ticlcs of herpes simplex virus from the sites of envelopmcnt to the extracel-
Iulai' fluid. One Is b\ a process of " reverse phagocytosis " and thc other is throu h
the CIStcrnae of thc rough-surfaccd endoplasmic reticulum. \lost envelopes of virus
pal'ticles in tlie pro XInTity, of the inner nuclear InenTbrane appeared as electron dense
circtilar membranes, \\, hile cnvclopcs of particles found in c\, toplasmic \, acuolcs and
in the c\tracellular space 11ad preyections or globular structures on tlient and occa-
SIonally a clear unit nTembi'allc structure \\. as seen. The different in orpliological ap-
pearances of the envelopes are discussed.

BIKE\ JouR\A1. V01.14,325-348,1971

I\TRODUCTION

Envclopment of herpes simplex \, irus \\. as first
noted by A10rgan et a1. (1954) \\, ho examined
thii\ sections of infected chorioallantoic mein-

bi'anes by electron ITiicroscope and observed

I A part of tllis \\orl< \\as presented at tite Annual
\'ITtis Syruposiuni iteld in the \, iitis Resenrclt in-
stitutc, 1<\o10 Lni\. ersitv, on July 5,1968 and at
the 16tlT Annual A. leeting of the Society of Japa-
nesc \ito10gists in Fukuoka, on October 9,1968

that tlie ITUclci of infocted cclls contained parti-
cles witli capsids while in the cytoplasn, nTost
particles ITad an envelope. From this finding
it \\'as suggested that the initial site of \, iral
development was the nucleus and particles
witll nucleocapsids appeared to acquire an en-
velope upon release Into the c}, toplasm. The
enveloped form thus produced \\, as supposed to
repi'escnt the nTature virus. This initial study
\\'as confirmed by. t\\'o independent studies
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mad. by A1. "gan at a1. (1959) and by Fit. at al
(1959) and both groups presented evidence that
the particles \\ ith capsids \\, CTe endosed by
the nuclear membrane. On the other hand

Epstein (1962) reported that envelopment oc-
curred at the cellular surface as \\, ell as in cyto-
piasmic vacuoles. Similarly, SiminofT and
Alenefee (1966) reported that envelopment oc-
curred in Golgi bodies, at the cell surface or oc-
casionally within the nucleus. A10re recently
Darlingt. n and Mus^ (1968) studi*d th, co-
velopment process of three representative
herpes viruses ; equine abortion, pseudorabies,
and herpes simplex, and emphasized the role of
the inner nuclear membrane.

OUT previous investigation on the sequence
of development of herpes simplex \, irus sup-
potted the concept that envelopment occurred
in the nucleus and cytoplasm. However,
envelopment of the virus by budding from the
PIasmic membrane could not be confirmed (Nil
et a1. , 1968a). This report describes further
studies on envelopment of herpes simplex virus
using FL cells infected with this agent.

I^. a, 1<0 and \\:at ariabe strains that \\'CTe used in the
previous investigation also served for this stud\.

The other procedures for infection of cells \\ ere
described previously (Nii and On0,1971)

3. Electi o11 1111'CJDscop, 'c tech, 11'q, ,c

The same technique \\. as Lised as described pre\. I-
ously (Nil and On0,1971 ; Nii, 1971)

A1ATERIALS AND A1ETHODS

I. 1717/1s nild cells

Four strains of herpes simplex \, irus, I. e. -GCi
Allyanta (Nil and Kamahora, 1961 b), I\\ a, KG and
\\'atariabe (Nii and On0, 1971) \\. ere examined in
this study. The first virus is a laboratory strain
originally isolated from the vesicular fluid of lieijpes
fob^^I^^ (Xii and Kamahora, 1961 a), \\. hile the Iattei
three are fresh isolates eaclT also from a patient \\, ith
lie, IPes 1061h/It. FL cells were Lised as host cells for
virus infection

RESULTS

I. EMCelopment of helpes 3/1/1151e;v o11. "s by 611d-
dt, !g 1107/1 the tnnei' "wcleni' 711e?1161'nile

Fig. I and 2 illustrate stepwise envelopment
of single viral particles at the surface of the
nucleus. Half of particle "A" is enclosed in
the inner nuclear membrane. Particle " B "

is almost completely enveloped and the en-
velope of particle " C " is connected to the
nuclear membrane by a narro\\, pedicle. The
envelope of particle " D " appears to be Just
separating from the nucleus. Thus it seems
that the budding process of single viral particles
of herpes simplex occurs in the order A-, B+
C+D

Occasionally viral particles were observed in
close association \\, ith reduplicated nuclear
membranes, as shown in Fig. 3.

Fig. 4-8 sho\\, that some \, iral partides
acquire envelopes b\, budding from the Inner
nudear membrane into nuclear vacuoles. The

nuclear vacuoles seen in Fig. 4 and 5 are ad-
jacent to the surface of the nucleus and pre-
sumably these communicate \\, ith the perl-
nuclear cisterna. In Fig. 4 three relatively
well defined particles and one indistinct particle
are seen enclosed in a common membrane
which seems to be continuous to the vacuolar

membrane. One of the particles is almost
completely endosed in the common membrane
and protrudes into the vacuole while more than
half of the other two particles are covered.
Thus the fom particles have a grape-like ap-
pearance. In the nudear vacuole of Fig. 5 one
enveloped particle and aiT aggregate of particles
enclosed in a common membrane are seen.

The latter viral particles consist of capsids and

2. Sri"viles 101 electi o11 1111cioscopy

T^. o samples of FL cells infected \\ith the Mivama
straii, \\'ere used, \\hich were ntade on different oc-

The one prepared Lising FL cells 20 ITr
after infection at an adsorbed multiplicity, of rippro-
ximate 10. The other \\. as the same specimen Lised
as in the previous investigatioit (Nil and On0,1971)
and tltis had been prepared with FL cells 40 hr after
infection \\ith about the same dose of the virus

The same samples of FL cells eaclt infected with

casioi, s
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electron dense coies. Fine filaments as \\, GII as

tail-like structures (Nil at a1. , 1968a; Nil,
1971) are inter\^oven \\, ith these particles. The
perlnuclear cisterna in Fig. 4 and 5 is dilated
and Is \, ery obvious in Fig. 5.

In Fig. 6 manv enveloped particles are seen
in the space between the \, acuolar and redupli-
cated membranes, \\, hich seem to be located in
tlTe nuclear matrix. A10st of the particles have
capsids and electron dense cores \\, hile a few
have empty, capsids. Particle A (single arro\\,)
is in the process of budding and the membrane
surrounding it has increased in density. T\\, o
partides (double arrow) form a dumb-bell
shape their envelopes being connected together
b\, electron dense material.

Fig. 7 illustrates the budding process into a
nuclear vacuole \\, hich is continuous \\. itI\ the

perinuclear cisterna. The vacuole occupies
most of the right part of the picture, \\, here
numerous viral particles are seen. XIany of
them are single enveloped particles \\, hile a few
particles are connected together in tubular
mein brancs, looking like peas in a pod (Shipke},
at a1. , 1967; Xii et a1. , 1968a). A single parti-
cle (single arro\\,) and a tubular membrane
(double arrow) containing at least two empty
capsids have almost separated from the vacuolar
membrane. Fig. 8 shows the budding of parti-
cles in small \, arcuoles or tubules in the I\ucleus.
Those vacuoles or tubules seem to communicate

^. Ith the perinuclear cisterna. Onc particle
(arrow) is just in the process of budding while
t\^o particles which form a dumb-bell shape are
scen surrounded by a vacuolar membrane.

Fig. 9-12 illustrate the first tvpe of envelop-
In the cytoplasm sho^. n in Fig. 9 at

least two of three neighbouring particles are
associated \\, itIT a double membrane. In Fig.
10 five particles are seen located in close
proximit\, to a perlnuclear cisterna and two of
them (arrows) are enclosed in a double mein-
brane. In Fig. 11 an empty capsid has a dou-
ble membrane on either side and in Fig. 12 one
hexagonal capsid, located rather near the CGI-
Iular surface, Is almost enclosed in a membrane.
The origin of these double membranes is Lin-
kno\\n but one possibility is that they, are de-
rived from Golgi \, esicles. One particle indi-
cated I>y an arrow in Fig. 13 is seen to be almost
completely enclosed in a double n, embrane.
Tl)us the inner lamella of the double membrane

seems to participate in formation of envelopes
of virus particles \\. hile the outer counterpart
becomes a \, acuolar incmbrane \\, hiclT contains

the particles. Fig. 13-15 sho\\, the envelop-
merit of \, it al particles by budding from the
vacuolar membrane in the cytoplasm. A
capsid (double arto\\,) enclosing an electron
dense core in Fig. 13 and aiT empty capsid
(large arrow) in Fig. 14 are lust budding into
cytoplasmic \, acuoles. These \, acuoles seem
to communicate \\, ith the perinuclear cisterna.
Another pal'ticle in Fig. 14 (small arrow) is
acqtiiring an envelope from the inner nudear
membrane. In Fig. 15 one partiale (large
arrow) protrudes fan. Into the vacuole and aiT-
other particle (small ai To\\,) scen at the right of
the picture ITas a bag-like en\, elope.

3. Egi ess of t:11 n/ pni'tic/e$ 11 o111. Infected ce/A
In the c}, toplasmic portioiT in Fig. 16 two

particles (sritall arto\\, s) in the process of en-
velopment and many single partiales eaclT close-
Iy surrounded by a \, acuolar membrane are

Irregular cytoplasmic projections are
seen at the cell surface and maru, \, acuoles just
inside the plasma incmbrane contain one or
several virus particles. This picture suggests
the follo^, Ing process for egress of viral parti-
cles. First, ITaked partiales acquire envelopes
in the cytoplasm and then cytoplasmic \, acuoles

nTent

2. E?icelopiiieiit of lienbes 31/11p/ex 2:11 IIJ In the
cytop/asiii

Two in orplTological t}, pes of envelopment of
herpes simplex virus in the cytoplasm \\. ere dif-
ferentiated. One \\, as envelopiiTent of viral
particles by association \\, ith a double me in-
brane consisting of two parallel membranes
witlT not enough space bet^, een them, \\, hile
the other \\, as envelopment by budding of \, iral
particles from the cytoplasmic membrane into
the vacuoles.

seen
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enclosing these particles move to\^ards the cell
surface. On the way, some \, acuoles may fuse
to form larger vacuoles and this fusion is re-
markable near the plasma membrane. Finally,
after reaching the cell surface these \, acuoles
open to the exterior of the cell and release the
partiales outside the cell. Thus particles (large
arrow) in an indentation in the PIasmic mein-
brane are possibly in the process of being
released from the cell.

Fig. 17 shows an aggregate of closely packed,
enveloped particles in the cytoplasm. One
smooth \, acuolar membrane encloses these

nucleocapsidspartiales. However,
observed in the rest of the cytoplasm. There-
fore, the particles may have acquired their en-
velopes from the inner ITUclear membrane and
in^, be moving towards the cell surface by
reverse phagocytosis

In the cytoplasm shown in Fig. 18 several
enveloped particles are located in branched
tubules. Fig. 19 shows a long tubule stretch-
ing from near the perlnuclear cisterna to the
cell surface. One partiale (arrow) is seen to be
budding at the nuclear surface. These two
figures show another possible route for egress
of viral partides to the exterior of the cell and
the tubules enclosing enveloped particles are
thought to be derived from the preexisting
Tough-surfaced endoplasmic reticulum

Fig. 20 shows particle "A" in a smallvacuole,
particle " B " in an indentation of the plasma
membrane and t\\, o particles " C " and " D "
at the cell surface. These particles probably
represent different stages in the release of virus
from the cell.

No budding of virus from the plasma mein-
brane was seen, although a single capsid was
extremely rarely observed at the top of a cyto-
PIasmic projection, as shown in Fig. 21.

4. 1,101?ho/ogy of ent:eloped pintt'c/es
Fig. 22 illustrates numerous enveloped parti-

cles in a nuclear vacuole most of which have

electroiT dense cores. One partide (arrow) has
a core of low electron density. However, very
few enveloped particles with this kind of viral

core, \\, ere encountered in cytoplasmic vacuoles
or outside the cell.

The envelopes of all particles observed in this
picture appear as a circular, electron dense
membrane. A10re detailed examination of

enveloped particles located in the close proxim-
icy, of the inner nuclear membrane revealed
that envelopes of some particles appeared to
consist of threelayers, i. e. , an outermostlayer of
low electron density, a middle transparent layer
and an inner, electron dense layer. This is
shown in the iriset figure in Fig. 22. The
outermost layer appears to consist of fine globu-
Ies or projections and occasionally is seen as a
broken line \\, hile the innermost layer is seen as
a thick electron dense membrane. Therefore, it
seems that in most particlcs found near or at
the inner nuclear membrane the outermost

layers are not clearlv seen and only the inner-
most layers are conspicuous, as seen in the
numerous particles in Fig. 22. Partiales en-
closed in such electron dense membranes were

found in tubules in the cytoplasm, originating
from rough-surfaced endoplasmic reticulum as
well as in nuclear vacuoles and in the perl-
nuclear cisterna.

The envelopes of the particles seen in Fig.
23 and 24 are a little different fronT those in

Fig. 22. Namely, the envelopes of the particles
observed in the cytoplasmic vacuole shown in
Fig. 23 show clearer projections (\\'lidy at al. ,
1960) or fine globular structures on them and
their unit membrane structure is also apparent.
The extracellular particles in Fig. 24 clearly
sho\\, the unit membrane structure of viral en-

velopes. On the contrary this structure was
difficult to recognize in the envelopes of viral
partiales found in the nucleus and at the perl-
nuclear cisterna.

Enveloped empty capsids \\, ere frequently
observed in the cytoplasm and outside the call.
Fig. 25 shows two such particles, one in the
cytoplasm and the other in the extracellular
space. This undoubtedly indicates that empty
capsids are also enveloped.

no are
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DISCUSSIO\

Xiorgan at a1. (1954) first reported that the
nucleocapsid of herpes simplex \, irus \\, as
formed in the nucleus and appeared to acquire
an envelope upon release into the cytoplasm
The\, suggested that the enveloped nucleo-
capsid represented the mature \, irus. Exten-
SIve studies by electroiT microscopv have been
made by \, arious investigators on the develop-
merit of various herpes viruses and no\\, there
seems to be general agreement that the I\ucleo-
capsid of herpes formed the

nucleus and it can be enveloped either at the
nuclear membrane or in the cytoplasm

Available data on the envelopment of herpes-
viruses are listed in Table I. Regarding herpes
simplex virus A10rgan et a1. (1959) and Falke et
a1. (1959) emphasized the role of the nuclear
membrane, whereas Epstein (1962) found no
evidence of budding from the ITUclear mein-
brane but instead observed budding from the
plasma membrane or fron\ \, acuolar me in-
branes in the c}, toplasm. SiminolT and itIencfee
(1966) anpp. rt. d all thus, pus^Ibl, budding
processes but rarely observed envelopment
at the inner nuclear membrane. A10re I. ecent-

Iy Darlington and A, loss (1969) reviewed the
cnvelopment of herpesviruses on the basis
of their own \\, ork and the \\, orl< of other in-

vestigators and some of tlleir conclusions \\, CTe
as follows. " Envelopmcnt appears to be a
nonspecific process in that tlle nucleocapsid
may be enveloped \\, henever it comes into
contact \\, ith a cell membrane. The primary
site of envelopment Is at the nuclear membrane
However, it the nuclcocapsid gets out of the
nucleus, it may become enveloped at cytoplas-
in IC or plasma membrane sites. " Previously
we reported that envelopment of herpes simplex
virus occurred most frequently in close proxim-
it\, to the nuclear surface, although the process
\^as also encountered within the nuclear matrix

and in the c}, toplasm, but envelopment of the
virus by budding from the cell surface \\, as not
observed (Nil at a1. , 1968a). The present
studies on four strains of herpes simplex virus,

viruses Is

i. e. one laboratory and three freshly isolated
strains of the virus, each isolated from a patient
\\'ith helpes lab^^/^\ confirmed the above result
Judging from in}, experimental results and from
the data on envelopment of \, anous herpes-
viruses listed in the Table, envelopment at the
cell surface seems to take place \, ery rarel\, if at
all.

\\'it IT regard to whether inner nuclear me in-
brane, cytoplasmic \, acuoles or the plasma
membrane, is most important in envelopment
of I\CTpcs simplex \, irus the following points
should be remembered. I) Different virus
strains and host cells may differ. in appearance
under the electroiT microscope. In connection
with this it Is Interesting that Schwarz and
R. mman (1969") rep, rt, d that HEp-2 colts in-
fected \\, ith the G strain (type 2 herpes simplex
virus) contained numerous nucleocapsids 11T the
cytoplasm \\, ithout envelopes or \\, ith partial en-
velopes from a relatively early stage of infection
This is not a coiniT}o1T finding \\, ith type I
strains of the \, irus and they thought that the
t}, pe 2 \, Irus might be enveloped in the c}, to-
PIasm. 2) The main sites of envelopment may,
also depend on the \, iral multiplicity at the time
of infection and the stage of infection. Nucleo-
capsids have been observed in tl\e cytoplasm
even in cells infected \\. ith type I herpes simplex
virus but the time of their appearance differs in
different experimental systems. \\;atsolT et al.
(1964) and we (Nil et al. , unpublishcd data) ob-
served bot}\ naked and envelopecl particles in
the c}, toplasm at ai\ early stage of infoction
(6 hr). On the otlTa. hand Darlington and
A10ss (1968) observed occasional particles \\, ith-
out envelopes (naked) in the cytoplasm late in
infection (24 hr or later), \\, hich \\, ere LISually
associated \\, Ith breaks in the nuclear mein-
brane. In the latter case the nuclear Inem-

brane must be the most important in envelop-
merit of tl\e \, irus and Darling ton and A10ss
reported that unless the nucleus is ruptured the
nuclear membrane is the primary site of en-
velopment of hcrpesvirus

The en\, GIDpmental process is thought to be
essentially the same for all the \, arious herpes-

in
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TABLE I. 821es o1 en"e/op"lent of herpes7/2/'11ses

Subgroup A herpesvirus

Herpes simplex virus

Virus

Pseudorabies virus

Morgan et al
Falke at al

Epstein
I, use at al

Nil at al

Siegert and Falke
SiminofT and Mencfee

Sh:pkey et al
Darling ton and Nioss
Bedova et al

Nil et al

Leestmn et al

Felluga
Darling ton and Moss

Reissig and Meinick

Darling ton and James
Darling toI, and Nioss

Armstrong er al
Gratzek at al

Authors

Herpes B virus

Equine abortion virus

Infectious bovine rhino~

tracheitis virus

Year of

publication

1959

1959

1962

1965

1966

1966

1966

1967

1968

1968

1968

1969

1963

1968

1955

1966

1968

1961

1966

Subgroup B herpes virus

Varicella-zoster virus

Human cytomegalovirus

Nucleus"

+d
+

+

+

+
+ ,I

+

+

+

+

+

+

+

+

Site of envelopment

Cytoplasm"

EB virus

Becker at al

Nil

Coolt and Sievens

Stern and Friedman

Becker at al

NICGavran and Smith

Ruebner et al

Donnellan at al

Kawanishi at al

Epstcin et al
Dalton and Mariaker

Yamaguchi

Middelkamp et al
Ruebner er al

Ruebner et al

Duncan at al

Valicek

Strandberg and Carmichael
Strandberg and Aurelian

Lunger at al
Zambernard er al

Stackpole
Nazerian and Burmester

Epstein er al
Nazerian er al

Guinea pig cytomegalovirus

Mouse cytomegalovirus

Potcine cytomegalic inclusion
disease virus

Can ine herpes virus

Herpes-type virus of the frog
renal adenocarcinoma

Cell
surface"

+

+

+

J-

+

.-

+

+

+

+

+

+

+

T

Herpes-type virus of Marek's
disease

Turkey herpes virus

1965

1970

1970

1960

1965

1965

1965

1966

1967

1965

1967

1969

1967

1964

1966

1965

1970

1965

1969

1965

1966

1969

1968

1968

1971

+
+

+

+d

+

+
L

+

+

+

+

+

+

+

+

330
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T

+
,!

+

T

+

+

+

+

+
+

+

+

+

+

+

+

+

+

L

+

T

+

+

+

+

+
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a Envelopment of herpes \'irus occurred in close proximity to the nuclear surface and \\'ithin the nuclear matrix.
b Particles of herpes virus acquired envelopes by budding fi Din \, acuolar membranes in the cytoplasm, or

\^ere enveloped by association with double membrane structures (Battened vesicles; Leestma at a1. , 1969) or
\\ith unusual elements of endoplasmic reticulum (Becker at a1. , 1965), or within delimited amorphous
cytoplasmic inclusions (Becker at a1. , 1965)

c Budding of herpes virus was obser\'ed at tite plasma membrane
of The symbols indicate respectively that envelopment of herpes \, irus at the site Indicated \\'as obser\. ed frequent-

Iy (+) re, ely (t ) and ne\, er ( -)

viruses described above. However, another
interesting mechanisnl of virion formation \\, as
rep. rt. d by Starkp. re (1969) for' " hang. ^-typ"
virus causing renal adenocarcinoma in frogs.
He observed partiales \\, itIT dense cores which
were enveloped by budding through the inner
membrane of the nuclear envelope, and these
lost their envelope by pressing through the
outer membrane into the cytoplasm. \liral
particles in the cytoplasm acquired fibrillar
coats and budded into enlarged vesicles, pre-
sumably formed from the Golgi complex.
Therefore, in this case envelopment of the
herpes-type virus appeals to occur in the

nucleus, but Is temporary. However, the Inner
nuclea!' membrane as \\. ell as \, acuolar mein-

bi'anes in thc cytoplasin are both considcrcd to
bc sites of permancnt en\, elopmcnt of many
other herpes \, iruses.

Extensive examinations ITave been made of

tlTin sections of cells initcted \\, ith lierpes
simplex, but no naked ITUclcocapsids have so
Far been scciT in thc perlnuclear cisterna. TITus
the mechanism by \\, hich nucleocapsids enter
the cytoplasm is still unkno\\, n althouglT in late
stages of infection they, mai, stream into the
cytoplasm through bleaks in tlTe nuclear mein-
brane.

On infection \\, ith herpes simplex \, irus the
Iluclear and cytoplasmic membranes change
antigenically to contaiiT botll host cell and \, Iral
protein (:*;Ii at a1. , 1968c). This coincides \\, ith
tile fact that these membrane systems in the
cells participate in envelopment of the virus.
However, the nuclear nTernbrane is certainly
important in envelopment of herpes simplex

virus judging from the initial site of contact
with \, irus particles. Namely the ITUclear
meinbi. ane enfolds nucleocapsids or empty
capsids and these finally pinched off
leaving the membrane intact. Occasionally
remarkable reduplication of the membrane
occiirs but enveloped particles are not always as-
SOCiatcd witll sites of reduplicated membranes.
The budding process also takes place in vacu-
o1es or tubules in the nucleus \\, hich are sup-
POScd to lie indentations of the inner nuclear

are

membrane. In the cvtoplasm of infected cells
t\^o kinds of structures are concerned \\, ItIl en-

VCIopment of virus pal'ticles, namely small
double membranes, which correspond to the
flattencd \, esicles reported by Leestma at al.
(1969) and c}, toplasmic vacuoles. Tile double
membranes are most frequently seen near the
perlnuclear cisterna but occasionally the incm-
branes enclosing \, irus particles are found ITear
the cell surface. These double meinbi. anes

(flattened \, esicles) ITTay originate from Golgi
vesicles. Double nTeinbranes of various

lengths \\'ere secn enclosing particles and tliis
suggestecl that these membranes may, PIO-
liferate. Cytoplasmic vacuoles also \, aricd in
sizes and Lisually only one budding particle
\^as seen in small \, acuoles \\, hile Iai. ge \, acuoles
contained nunTerous \, irus particles. Occasio-
naily \, acuoles seemed to communicate \\, Ith
the perlnudear cisterna, suggesting that they
\\'ere derived from a dilated perlnuclear CIS-

Alternatively, then in a}, have arisentel'na.

from the Golgi apparatus. Neither the double
membranes nor the cytoplasmic \, acuoles \\. ere
associated \\, ith ribosomal particles

Nil, S. F1, C!1'011 1111'ci'DSCOpy of 11, IPPs 1'111, ct, of C, //S 331



There are at least three routes of egress of
enveloped particles from infected cells to the
extracellular fluid. First, some particles which
acquire envelopes at the inner nuclear mein-
brane become enveloped by the outer nuclear
membrane and are released by a process of

reverse phagocytosis , as originally proposed
by M, "gan at a1. (1959). Fig. 17 ^,. in* to
illustrate this process. Second, particles ac-
quire their envelopes in the same \\, ay, but pass
through a network of tubules derived from the
rough-surfaced-endoplasmic reticulum. This
pathway, \\, as described by Schwarz and Roiz-
man (1969b). Fig. 18 and 19 show thi*
process. Third, virus particles acquire en-
velopes in the cytoplasm by budding from
vacuoles and arc released by a process of reverse
phagocytosis. Fig. 16 illustrates many single
particles each enclosed in a vaciiolar membrane
and rillmerous partiales being released at the

cell surface. Thus viral particles are released
in two main ways, namely by a process of re-
verse phagocytosis and through cisternae of the
endoplasmic reticulum.

The envelopes of particles found in the
nucleus, at the perlnuclear cisterna and in the
cisternae of the rough-surfaced endoplasmic
reticulum differed in appearance from those of
particles in the cytoplasmic vacuoles and in the
extracellular spaces. The envelopes of the
former particles appeared as electron dense
circular membranes, especially at 10\\, in agrii-
thation (End, , 1967). On th, .th. " hand th.
envelopes of the latter particles had projections
or globular structures and a unit membrane
structure \\, as occasionally seen very clearly.
A'lore detailed examination of enveloped parti-
cles found in the perlnuclear cisterna revealed
that some of the envelopes consisted of three
layers ; an outer laver of low electron density, a

,

>

FIGURES I and 2. FL cells 40hi allei linect!'o11 2:11't/I tile -GCi Miyn, ,, a stio, ', I
of lieipes $1111p/ex o1'171s. Tile PI'DCess of e, ,"e/DpiiJe, It of sillg/e "1'1'115 pni'ti'elfs r's
Innsti'died step-?o13e. The capsi'd of pn, tic/e a 13 11n!I coale, ed coith the 1,111e,
1111c/erri 111e, ,11, InIJF. Tile capsJof of pnrtic/e B Is "!1,100t enclosed 111 the 111,111-
61n, ,e alld the eJi"elope qf p"Itlei" Cis coll, !ected to the life, Jib, 'ane by nImjintu
perl^^/,. T/if 111,111b, 'alle o. 1 pni't, 'c/, D r's bel', Ig PI', iched off. Fir. I X 53,000
Fib. 2 x 57,000

FIGURE 3. FL cell 62 111 of tel 1111ect!'o11 "11/1 tile Ko sti'din of liei*, s sill, pie:*
011, cnpsJ'd rein, ,I cold is enclosed by Ihe 1,111ei iruc/erri 111e, 1161'nile ?, h, t/I

shoaus JP, 11ni Arrb/, led, ,PI^^at, 'o11 I 73,000

FIGURE 4. FL cell 20 111 "/ifi lit/ectJ'oiltuit/, the -GCi Miym, in $11,111 of liei*es
sillip/ex till lis. mill p"I tic/es co", I cd 201t/I o coll!1110i, 111, INb, alle ", e See, I 611dd, ,Ig
11:10 n "nc!fold Illst I',, side Ih, 1111c/eru' 3,111nc, . Oile of ing, ,! r's '11/10st COM1p/et, /y
eii, eloped. x 16,000

'11/1S
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transparent thin middle layer and a thick, inner
layer of high electron density. Only the inner-
most layers of the envelopes were clearly seen
round most partiales.

These in orphological differences in the en-
\, elopes might be due to differences between
the molecular structures of the inner nuclear

and cytoplasmic vacuolar membranes, from
whiclT the envelopes were derived. Recent
studies showed that, the saccules and vesicles of
the Golgi apparatus are eaclt surrounded by a
smooth membrane without ribosomes, which
is about 75 A thick, and has a characteristic unit
membrane structure with three layers (Favard,
1969). On the other hand the unit membrane
structure of the nudear envelopes is rarely ob-
served, suggesting that there is some funda-
mental difference at a molecular level between

the membranes of the nuclear envelope and the
plasma membrane or the membranes of the
Golgi apparatus (Stevens and Arith. 6, 1969).
This problem will be discussed again in a
subsequent paper

Many pierure^ (Fig. 6,7.10,14.16 and 17)
show envelopment of empty capsids, suggesting
that the envelopment process is not selective.
However, very few enveloped particles had a
core of low electron density (Fig. 22) although
there were numerous capsids with this type of
core in the nuclear matrix. Further studies

are necessary on whether there is any, relation
between envelopment of herpes simplex virus
and acquirement of electron density of its core
(Nil at a1. , 1968b) and between virus envelop-
merit and modification of the configuration of
the virus capsid.

>

FIGuni: 5. FL cc// 20 hi q/ICJ 1111, ct!'o11 2011h the -GCi' flyfiyn, Jin $11'n, 'ii of helpes
$1'111p/e\ "1'1'!13. all (, ggi egnt, of an'1'115 pdi'!, CICS co""I', of 2011/1 ,I coi"11,011 111,111bi'nile
inId o11e c, Jueiop, d pni'11'c/, ni'e seen in d 1111c/"nr uric, 101e. all Ih" A^Incl, s hn"e
,/, cti'o11 ,/ei!se corcs. Trill-/, 7tc rind .ill""lentoi!s stillct, ,r's ,11 e re, ,, 1111ei"Duel,
trillo, ,g till riggi egrrte of Ih, ",'1'113 pnii, 'c/, s. R, 111ni An file of, /rimt, 'o11 of Ihe p, 1'1'-
1111c/cni t'st, 111n 13 $,,,!. I 55,000

FIGiiRr 6. , pnit of Ihr 1111c/, lis of nil IL call 40 111 filter Jin, ci, 'o11 corni the
-GC, M, I^",,!n $11'rilli of 11ci*es 3/11/'12x '11/1s. T/re 1111c/erri 3,111tice I'S 3,411 111
Ih, lotu rig/if CUI', lei of Ih" PI'ciiii, . Niliiieioi!s e, !",/cord pm 11c/"s ,11', 3rd, I 1'11 ,,
spnc" lift?or, ,, th" urici!DAIi dirt/ I ediip/, t"I'd 111,111bin, !CS. One Jini tic/t (sling/e in -
Jotu) r's 111 tile PI DC, $3 of on",/op, ,!tilt alld elf"elopes o1 froo Adj'!FC/CS mr coli, ,, c!ed by
,/ecti'o11 tie, ise 111nte, ,n/ gi"illg ,, of, 1111b-bell shnpe (dollb/e ni'1'0"). 80/11e pm 11'CICS
^male ,10 coi'es. I 55,000
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FIGURE 7. FL cell infected with the Watanabe strain of Iterpes $2'inPIex virus.
A particle (single o7,000) and a t, ,b, ,lay ,,, e, ,, bra, ,e (dollb!e ar, o00) containing at
least taro e, "pty capsids are 611dd^^g .from the "ac, ,o107 membrane in the rillc!ei, s
The latter look 12^e pens in a pod. The Duct, o1e contains tt, 6111es e"CIOs, '"g an^t's
particles OS well as '11/7"ero, ,s single err"eloped particles and opens to the d, lated
pen"I, clear cistern". 48,000

<

FIGURE 8. FL cell20 fry 41te, 141eciio" torth the -GC, Miyomo styn, '" of herpes
sinzplex o171/3. One particle (o7,020) is bitdd^^g into a small Drier, o1e in the
it, ,claus. Tzuo particles In a 7111c!ear Ridc, ,o1e form a d, ,inb. bell shape 45,000

FIGURE 9. FL cell 20 fry rifter 141ectio" tug'th the -GC, Miy@,"a styoi, a of herpes
$2',,, PIe" an^i's. A $7"@0th $111:I'd cert dot, 61e IWCmb, @,, e in the cytoplasm is in close
association 00ith tano capsids alith electron dense cores. 48,000

FIGURE 10. FL cell 20 h, ofter infection 20ith the -GC, M, j, a, "a strain of herpes simplex of 7113. Tauo pal. tic!es i, r
58,000the cytop!o37" in close prow'inity to the pen"clear cistern@ ore earfolded by dot, 61e membranes

FIGURE 11. FL cell 20 fry after infection with the -GC, Miyom@ strain of herpes simplex Dirt, s. a, , e, "ply cupsid
has a dollble membrane on either side of it. 55,000

Nil, S. Electron microscopy of herpes infected cells



FIGURE 12. FL cell 20 h, 41te, ingfectio" tufth the -GC, Miy@inn strain qf herpes simplex of, "s. A hexagonal
capsid neo, the cell surf@ce is ribnost co, "PIete/y enclosed in a double Inemb, @"e. x 32,000

FIGURE 13. FL cell 20 fry ofte, infection tufth the -Go, Miy@ing sty@,'" of herpes simplex of, "s. One particle
(single @770tti) is ah"OSt completely enclosed tit a dot, 61e membrane and another particle (dot, 61e o7,000) is budd^^g
into a small cytoplasmic o0c"o1e. x 45,000
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FIGURE 14. FL cell 20 hr ofter a>!fectio" tufth the -GCr Miya",@ strain of herpes simplex an^,, s. Buddr"@ is seen
both at the Duettolo, membrane in the cytoplosm (/", ge aryotu) and at the inner itItclear ,"emb, @"e (37n011 @770ari)

60,000

.

D,

FIGURE 15. FL cell63 h, after titlectio" colth the Watanabe $t, .at'" of herpes simplex Dirt, s. One p@rtic!e (large
o7,020) has a bog-117te emue!ope in a cytoplasmic alder, o1e and a"other particle (s, ,,@/I aryo") arith a si, "ila, e""elope
is seen in on o1he, aloe!, o1e. 41,000

Nil, S. Electron microscopy qf helpes infected cells



FIGURE 16. FL cell 20 A, after infection with the -GCr Miy@inn strain of herpes simplex an^"s. lit the cytoplasm
one portic!e is partially enclosed in a double membrane and another particle is almost entirely enclosed (both shotti, ,
by small o7,000s). Many siftg!e particles ore closely surrounded by a smooth-surfaced mac"o107 membrane and appear
as three concentric, circular membranes enclosing am electron dense core. At the cell surf'ace irregular cytoplasmic
prey'ectio"s protrude to the exterior of the cell and It'st inside the plasma membrane many small t, @ct, o1es, some of
00hich open to the outs, 'de of the cell, contain one to more particles. Those findings strongly suggest that e""eloped
particles (large o7,020) released by a process of 700e, se ph@gocytost's. 30,000

>

FIGURE 17. FL cell 20 fry after ,'ofectio, , tuffh the -GC, Miy@"," strain of herpes
simplex virus. An @gg, eg@te of e"Deloped particles are enclosed in a smooth-
$1, daced tide, ,Qin, membrane a"d ore prest, in@61y motif"g to cod, ds the cell sur-
face by a process of 700e, se ph@gocytosis. One capsid is e, "pty. 54,000

>

FIGiiRE 18. FL cell 20 A, after titlectio" alith the -GC, Miyomo strain of herpes
simplex of, MS. Sale, al particles are seen in branched tub"Ies. These sty, ,ctt, yes ore
thought to be dentied from the rough-surfaced endop/@sinic reticulum since they
are associ@fed am^h ribosomal particles. This picture suggests one path, Day by
albath emue!oped particles moue from the perm, ,clear cistern@ to the exterior of the

40,000cell.
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FIGURE 19. FL cell 20 fry ofte, ingfectio" tufth the -GC, Miy"in@ st, @in of herpes
simplex virus. One tubt, Ie stretches from near the perm"clear c, 'sterna to the
cell surface, suggesting one rot, te for eg, ess of Din, s particles from the cell. The
membrane of the ti, 6111e appears to It'se alitlt the plasma men, brane at tat^o
points. One particle (o7,000) is at the beginning of the 611dd^^g process tit the inner

40,000rillcle@, membrane

<

FIGURE 20. FL cell 20 fry after infection toith the -GC, Miy@in@ strain of herpes
simplex virus. Particle A is seen in a s, "@11 cytoplasmic udono!e, particle B in
an Indentation of the PIO$,"@ me, "bra"e and particles C and D ore at the cell SMF-
face. These folly particles ingy be air the process of being released from the cell

73,000

<

FIGURE 21. FL cell 20 hr 41te, 2711ectio" tuft/I the -Go, Miy@,"@ styai" of herpes
stintle" ofr"s. One aims port, 'c!e as seen inside a cytoplasmic prey'ectio" close to

55,000ttS ttp.

FIGURE 22. FL cell 62.5 hr after ingfect, 'on with the 120a st, din of heri, es si, "PIex an^i's. Nil, "eroi, s virus part, 'c!e
in'e seen 1'72 a 7111clen, untilole, the e"Delopes qf which ore eocJ, seen as on electron dense cite, ,lay Jine"tbro, ,e. On
part, 'cle (aryotu) hns a co, e qf 1020 electron de, ,sity 00h, Ie the others hat'e electron de, ,se cores. 65,000

Tile I'"set 1:21, re shotus o, ,e err?ie!oped pal. tic!e I'm the permt, clear cister, ,@. The P"?ielope is seen to consist of th, e
concentric layers, a, , oilier, "OSt layer of 1000 elect, on density, a iyo, ,spare, ,t, thin, in, ddle layer and a, , electron dens
in, ,er. Iai, e, . The o11ter, "cot layer appears to const'st offline globt, Ies or pro, ;ectio, Is. 110,000

Nil, S. Electron ,,, icyoscopy of herpes I',!Iected cells



FIGURE 23. FL cell20 for after infection with the -Go, Miy@in@ sly@in of herpes $2'inPIe" wrt, s. A cytoplasm
aloe"o1e close to the plasma membrane contains seue, @I e""eloped particles OS ale!! as a cytoplasmic mass in a mein
brane. Proj'ectio"s or fine globular sty"ctt, yes ore seen on the e""elopes of these particles. 62,000
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