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Preface

To lose is human,
to win s fortune,
but to try is our destiny.

Earr C. Surror, Jr.

The idea of a Symposium on ‘“Arthropod Cell Cultures” started in July
of 1969 shortly after the untimely death of our colleague, EARL C. SUITOR, JR.,
at the age of 38. At first we thought an afternoon or evening session would be
sufficient, but we were soon convinced that the scope of the Symposium should
be greatly enlarged. Interest in this topic was increasing at an astonishing
rate. Since EARL SurTor had made a distinct imprint in this new field, many
scientists who knew him well or just casually wished to honor him in this
manner.

EArL Surtor was born and raised in New England and received a B.S.
degree in bacteriology from the University of Massachusetts in 1952. As a
spirited young man, he enlisted in the U.S. Navy to see the world. Instead,
he was assigned for most of his four-year “hitch” to the Naval Medical Research
Institute. I met him there in 1954, an enthusiastic and imaginative young
fellow with many interests, an avid reader of the classics, an occasional writer
of poetry, who blended his interest in scientific literature with that of Science
Fiction. In 1956, EARL left the Navy to attend George Washington University,
where he earned an M.S. degree in 1958 and a Ph.D. degree in 1963. He re-
turned to my laboratory in 1957 as a civilian and part-time student. In 1963,
the Navy finally acceded to his wishes to be sent overseas. He spent several
months in the laboratory of Dr. THoMAS GRACE in Canberra, Australia, to learn
the concepts and techniques of arthropod cell culture. He then joined the staff
of the Naval Medical Research Unit No. 2 in Taiwan. In 1966 he returned to the
Naval Medical Research Institute to head the Division of Arthropod Micro-
biology.

His first research interest, as my junior associate and graduate student,
was in the field of rickettsiae and rickettsia-like organisms. He isolated an
agent from ticks which he named Wolbachia persica or more affectionately
““the monster”. In time, this rickettsia-like microorganism became the most
thoroughly studied agent of this group and the best evidence that the so-called
“rickettsia-like”” organisms are unrelated to rickettsiae. EARL SUITOR’s con-
tributions in the field of arthropod cell culture reflect his pioneering attitude
and are frequently mentioned in this volume. They include several important
“first” achievements, such as the successful cloning of an arthropod cell line
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and use of arthropod cell cultures for virus growth and plaque production,
isolation of virus mutants, and cultivation of an animal parasite. He collabo-
rated and corresponded very extensively with other scientists and gave freely
of his time and advice. He was intensely loyal to his friends and colleagues.
This volume is a fitting tribute to his memory.

Bethesda, April 1971 EmiLio WEIss



Introduction

This volume is based on papers presented at a Symposium held at the Naval
Medical Research Institute on March 17 and 18, 1970. It consisted of four
sessions: the first two were devoted to cultivation and physiology of arthropod
cells, the second two to the growth of viruses and other pathogensin arthropod
cell cultures. The sessions were chaired, respectively, by JAMEs L. VAUGHN,
TuoMmas D. C. Grace, WILLIAM F. ScHERER, and KARL MAaRAMOROSCH. The
EAarL C. SUITOR, JR., Memorial Lecture was given by WILLIAM TRAGER.

The papers varied greatly in contents and scope. Some contained original
experiments, others reviews, and many contained a mixture of both. It was
not the intention of the Editorial Committee to publish the proceedings of this
Symposium but rather to use this material to present current knowledge in a
systematic fashion. This required considerable revision and organization of
the papers into chapters. We are particularly indebted to the four session
chairmen for their valuable help in this task. We are also very grateful to
Capt Lroyp F. MiLLER for the administrative arrangements that made this
Symposium possible, to the other members of the organizing committee who
helped usin many ways, and to the members of our Department who contributed
to the smooth operation of the meeting.

Bethesda, April 1971 Francis B. GorpoN
Ewmicio WEIss
EUGENE ZEBOVITZ
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Chapter 1

The Culture of Cells from Insects and Ticks

I. Cultivation of Dipteran Cells i Vitro
IMOGENE SCHNEIDER

A. Introduction

The utilization of insect cell cultures for studying various aspects of the
pathogenic cycles of viral, protozoan and bacterial agents having an insect
vector or reservoir has long been recognized (GLASER, 1917; TRAGER, 1938).
Unfortunately, such studies have been seriously impeded by the difficulties of
initiating and maintaining insect cell cultures in vifro. As recently as 1966
only two insect cell lines were available, namely Awntheraea eucalypti SCOTT
and Aedes aegypti (L.), both having been established by the same investigator
(GRACE, 1962, 1960). As evidence of the considerable progress made since then,
the one dipteran line established by GRACE has now been joined by eleven
additional lines.

Encouraging as these results are, the number of lines currently available
is still woefully small in relation to the number of known and potential insect
vectors of pathogens capable of infecting higher animals as well as insects
themselves. In a number of instances, the lack of appropriate cell cultures
has left investigators with little alternative but the use of an atypical pathogen-
vector culture system (see reviews by VAUGHN, 1968; GRACE, 1969). The
tenuous nature of many of the conclusions drawn from such studies is readily
apparent, especially in instances of highly specific pathogen-vector relation-
ships. Such drawbacks can only be eliminated by access to a much wider
range of insect cell lines, particularly from those dipteran species which are
implicated in the dissemination of disease.

The present report has two main purposes: (1) to provide a general review
of the dipteran cell lines now available, covering the techniques used to initiate
and establish the cultures and the characteristics of the cell lines so obtained
and (2) to describe progress in culturing cells from 3 dipteran species, 2 well
known vectors, Culex tritaeniorhynchus GILES and Glossina morsitans WEST-
wooD, and one of peripheral interest, Culex salinarius COQUILLETT.

B. Established Dipteran Cell Lines

The first dipteran cell line was established by Grace (1966) from larval
tissues of axenically grown 4. aegypti (L.). Primary cultures consisting of the
disrupted bodies and alimentary canals from 4th instar larvae about to pupate

1 C.T. in Microbiology, Vol. 55
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were started in small tubes containing GRACE’s medium (1962) and incubated
at 30° C. Cell migration and division readily took place and successful sub-
cultures were made after 4 weeks.

The majority of cells grow in suspension, are spindle shaped and very large,
e.g., 40-50 p long and 8-10 w wide (Fig. 1a). Many round cells are also present,
varying from 20-60 u in diameter. The cells are highly polyploid, the most
frequent number of chromosomes being ¢6 (32 n). Although polyploid cells
are present in mosquito larvae during the 4th larval instar, the chromosomes
complement rarely reaches such a high number (HoLt, 1917; CLEMENTS, 1663).
Since chromosome numbers were not investigated until 6 months after the
line had been established it is not known whether diploid cells were initially
present. It seems likely, however, that the high numbers found in the cultured
cells reflect to some extent a selective or adaptive process.

Although the original A.aegypti line required insect hemolymph as a
supplement, two or more sublines have been established in which the hemo-
lymph has been replaced by fetal bovine serum (NAGLE et al., 1967 ; CONVERSE
and NAGLE, 1967; Hsu et al., 1970). All subsequent dipteran lines have been
initiated and maintained in media supplemented with vertebrate sera. The
advisability of this practice has been questioned (SCHNEIDER, 1969) but the
alternative of using homologous hemolymph, at least for the smaller insects
is not feasible. The use of heterologous hemolymph also has some drawbacks
from the standpoint of altering the cells’ biochemistry and physiology.

In 1967, SiNgH reported the establishment of cell lines from A. aegypt:
and A. albopictus SKUSE (Figs.1b, 1c). Several hundred freshly hatched
larvae were cut into pieces, incubated in 0.25 % trypsin (1 : 250, Difco) and
after a thorough washing, placed in the culture medium of MITSUHASHI and
MARAMOROSCH (1964), hereafter referred to as M-M medium. This medium
was originally designed for leafhopper cells but its composition (lactalbumin
hydrolysate and TC Yeastolate in lieu of individual amino acids and vitamins,
respectively, with only the sugar and inorganic salts specified as such) ap-
parently makes it quite useful as a basic insect tissue culture medium. (How-
ever, see comments under ““ General Discussion”).

The A. albopictus cells readily attached to the glass surface of the flasks
and formed monolayers composed of 3 types of cells. The majority are either
round, 6-20 p. in diameter, or spindle shaped, 7-10 p. wide and 15-90 . long.
Round, binucleate cells, 37-53 w in diameter, are also found. The growth
pattern of the A. aegypts cells was very dissimilar to that given above. Shortly
after the cultures had been set up, small hollow vesicles or spheres developed
at the ends of the cut fragments and increased both in size and in number.
These spheres were composed of a monolayer of epithelial-like cells, penta-
or hexagonal in shape and varying from 16-50 p in width. After § to 10 days
the fragments with the spheres were removed, cut into pieces and seeded into
new bottles. Two lines were eventually established, one in which the cells
grow in a monolayer and the other in which growth takes place almost wholly
in the form of these hollow spheres, the spheres being subcultured as such
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Fig. 1a-g. Dipteran cells from established lines maintained in author’s laboratory:
a GRACE’s line of A.aegypti; b and ¢ SINGH's lines of A. aegypti and A. albopictus,
respectively; d PELEG’s line of A. aegypti; ¢ and f SWEET's and DUPREE’s lines of 4.
vexans and C. inornata, respectively; and g SCHNEIDER’s line of An. stephensi.
All 600 X
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(Buat and SinGH, 1969). The chromosome complement of these cell lines is
predominantly diploid. Although some polyploidy is present, it rarely ex-
ceeds 4 n.

Using the same technique, lines of Aedes vittatus (Bicot) and Aedes w-albus
(THEOBALD) have also been established (SINGH, personal communication).
The A. w-albus cells are grown in M-M medium; the A. vittatus cells in SCHNEI-
DER’s modification of GRACE’s medium (SCHNEIDER, 1969). These cells are also
either diploid or of low polyploidy.

VarMA and PUDNEY (1969) established additional lines of A. aegypti using
essentially the same technique as SINGH and his colleagues. The cells are
cultured in M-M medium or a composite of M-M and KitaMura’s (1965)
medium. The cells form monolayers consisting of epithelial and fibroblast type
cells with the latter predominating. The normal chromosome complement of
6 is present in most of the cells. VARMA and PUDNEY described their techniques
in great detail, but their results rather briefly. However, the photographic
documentation of the cells accompanying the text is most convincing.

Somewhat earlier, PELEG (1968 b) reported the establishment of yet another
A. aegypti cell line. Eggs of varying ages were surface sterilized, lightly homo-
genized and the shells discarded. The cells and tissue fragments were seeded
into a modified KiTAMURA medium supplemented with chick embryo extract.
Subcultures were initiated after a period of 4 to 6 months. Few details concern-
ing the characteristics of the cell line have been reported other than that the
cells form a monolayer. This cell line has been maintained in my laboratory
for almost a year using the M-M medium. In this medium the cells do not
form true monolayers but tend to aggregate. The cells vary considerably in
both shape and size with no one cell type predominating (FFig. 1d). Diploid
cells are in the majority although 4n-8n cells are not uncommon.

The cell lines of Aedes vexans (MEIGEN) and Culiseta inornata (WILLISTON)
were initiated from pupal and adult tissues, respectively (SWEET and DUPREE,
1968). The cells from both lines grow in suspension and bear a striking resem-
blance to those of the line established by GRACE. GRACE’s medium is used for
both lines, but supplemented in the case of A. vexans with an additional 1 %
l-glutamine. Chromosome counts range from 152-368 for A.wvexans and
138-202 for C.imornata (SCHNEIDER, unpublished observations). The large
number of chromosomes in these cells makes it very difficult to obtain accurate
counts. Hence it is likely that the above counts may be off by 5% or
more.

Cell lines of Anopheles stephensi LISTON were initiated from minced tissues
of the 1st larval instar (SCHNEIDER, 1969). The early growth pattern was very
similar to that of the SiNGH 4. aegypti cells. GRACE’s medium, modified with
respect to the concentrations of the sugars and inorganic salts was supplemented
with abbreviated NCTC 135 medium and fetal bovine serum. The cells form
monolayers with some tendency toward aggregating at central foci, are epi-
thelial in appearance and range from 4-9 y in diameter and 12-20 y in length
(Fig. 1g). Diploid cells predominate although 4n cells are present.
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Table 1. A summary of established cell lines from dipteran species. In some instances more than
one cell line from a single species has been established by the same investigator(s). These have been
considered as one with the exception of the Aedes aegypti lines veported by SINGH and BHAT which

differ considerably from one another in their pattern of growth

Genus species Stage of Medium Type of Chromosome Reference
primary growth complement
explant
1) Aedes 4th larval  GRACE Suspension  Polyploid  Gracg, T. D. C.
aegypti L. instar (16n or (1966)
higher)
2) A. aegypti 1st larval MITSUHASHI Monolayer Diploid SingH, K. R. P.
instar and (1967)
MARAMOROSCH
3) A. aegypti 1st larval ~ MITSUHASHI Hollow Diploid Buar, U. K. M.
instar and vesicles and
MARAMOROSCH Sineh, K. R. P.
(1969)
4) A. aegypti Embryos Krramura/ “Monolayer” Diploid PeLEG, ].
TRAGER (1968a)
5) A. aegypti 1st larval ~ MITSUHASHI Monolayer/  Diploid Varma M. G. R.
instar and vesicles and PUDNEY, M.
MARAMOROSCH/ (1969)
Kitamura/VP12
6) Aedes 1st larval ~ MITSUHASHI Monolayer  Diploid SinGH, K. R. P.
albopiclus instar and (1967)
MARAMOROSCH
7) Aedes Pupae GRACE Suspension ~ Polyploid  SweeTt, B. H.
vexans (modi- (16n to and
fied) 128n7?) Dupreg, L. T.
(19€8)
8) Aedes 1st larval GRACE as 1) Monolayer Diploid Buar, U. K. M.
vittatus instar modified by 2) Vesicles and
SCHNEIDER SingH, K. R. P.
(1970)2
9) Aedes 1st larval MITSUHASHI Monolayer Diploid/ SinGH, K. R. P.
w-albus instar and polyploid and
MARAMOROSCH BuaT, U. K. M.
(1970)»
10) Anopheles 1st larval GRACE as Monolayer Diploid SCHNEIDER, I.
stephensi instar modified by (1969)
SCHNEIDER
11) Culiseta Adult GRACE (modi- Suspension  Polyploid  SwegeT, B. H.
tnornata fied) (16n to and
64n) Dupreg, L. T.
(1968)
12) Drosophila Embryos Based on hemo- 1) Suspension 1) Poly- EcHALIER, G.
melano- lymph analysis; 2) Monolayer ploid and
gaster some specifics 2) Diploid = OHANESSIAN, A.

not given

(1968)

a Personal communication
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The first cell line of Drosophila melanogaster MEIGEN established by EcHa-
LIER and OHANESSIAN (1968) was initiated from embryos, not less than 12 hrs
old, in a medium based on an analysis of larval hemolymph. The cells are
highly polyploid, grow in suspension and in appearance and behavior are very
similar to GRACE’s cell line. Thus, they differ in all of these respects from any
of the other dipteran cell lines derived either from embryonic or early post-
embryonic material. Subsequent lines of diploid, fibroblast-like cells which
grow in a monolayer have apparently been established (ECHALIER and OHANES-
SIAN, 1969). Further details have not been forthcoming and to my knowledge
the exact composition of the culture medium for any of these lines has not
been published.

The more pertinent details of the above section have been summarized in
Table 1.

C. Primary Cultures from Three Additional Dipteran Species
1. Culex tritaeniorhynchus and C. salinarius

In anticipation of conducting comparative studies involving in vivo versus
w vitro invasion and replication of a number of arboviruses, cells from several
species of the genus Culex differing markedly in their vector capacity were
selected for culturing.

Previous reports by KITAMURA (1964, 1965, 1966) and GUBLER (19068)
indicated that primary cultures could readily be obtained from ovarian and
midgut cells of adult Culex pipiens molestus FORSKAL. Moreover, the fact that
KitaMURA (1965) was able to maintain such cells for over 3 months in an
active state of proliferation suggested that the transition from primary to
secondary cultures might be achieved without undue difficulty. Since cells
from the early larval stages equal, if not exceed, those from the adult stages
in their ability to adapt to conditions #n vitro, the former were chosen as the
source of primary explants in the present study.

Materials and Methods. Egg rafts were collected over a 16 hr period and the
embryos allowed to develop to the point of red eye spot formation. Prior to this
stage in development the embryos will not withstand surface sterilization. The rafts
were placed in a 2.5% sodium hypochlorite solution for 2 min. and the container
agitated to facilitate separation of the eggs. The eggs were then surface sterilized by
immersion for 1 hr in 10% benzalkonium chloride followed by an additional 20 min.
in 70% ethanol. After repeated rinses in sterile distilled water, the eggs were trans-
ferred to moistened, sterile filter paper in a petri dish and placed in a 22° C incubator.

Newly hatched larvae with unsclerotized head capsules (Fig. 2a) were transferred
to a depression slide and minced in RINALDINI’s (1954) salt solution (RSS) con-
taining 0.2% trypsin (1: 250, Difco). Each culture was initiated with a minimum
of 200 (C. salinarius) or 500 (C. tritaeniorhynchus) larvae. The fragments were trans-
ferred to fresh RSS-trypsin solution and incubated an additional 15-30 min. at room
temperature. After the addition of fetal bovine serum (FBS), the fragments were
centrifuged, resuspended in 1.5 ml of culture medium and seeded into glass T-15

tlasks. The cultures were maintained at 27 4-0.5° C with a gaseous phase of ambient
air.
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The medium was identical to that used for culturing A. stephensi cells (SCHNEIDER,
1969) with the following exceptions. The concentration (in mg/100 ml) of sucrose
was decreased to 900; that of glucose increased to 300, and of NaCl to 440. Supple-
ments to the medium were 1% 10 X abbreviated NCTC 135 medium (see SCHNEIDER,
1969) and 15% inactivated FBS. Phenol red (0.01%) was used to monitor a pH
of 6.7-6.8.

Fig. 2. a. Newly hatched Culex tritaeniorhynchus larva with unsclerotized head capsule,

120 X ; b monolayer spheres of epithelial-like cells issuing from C. tvitaeniovhynchus larval

fragments after 12 days in culture, 300 X ; c cells of C. tritaeniorhynchus in 4th subculture,
300 X

Cytological study of the cells was facilitated by dispersing precleaned sterile
9 X35 mm coverslips over the bottom of plastic T-30 flasks prior to cell seeding.
The cells were fixed in IFAA (formalin, ethanol, acetic acid, and water in volume
ratios of 18: 49 : 3 : 30) and stained ¢» sity with Ehrlich’s hematoxylin. Chromosome
counts were made on cells blocked in metaphase with colchicine.

Results. Forty-four primary cultures of C. tritaeniorhynchus were initiated
from August to November 1969. The pattern of development was identical
to that first described by SINGH (1967) for A. aegypti. Cell growth, in the form

of spherical monolayers issuing from the ends of the larval fragments, was
evident within a week after the cultures had been started (Fig. 2b). The medium
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was partially withdrawn and renewed every 7 to 10 days. After 4 to 6 weeks
in primary culture, the fragments were removed from the flasks and the cell
spheres excised with tungsten needles. Following mild trypsin treatment of
the spheres (0.1 % trypsin in RSS for 3 min. at room temperature) the cells
were reseeded back into the same flasks containing 2/, old and 1/; fresh medium.
Subcultures were made 1 to 2 weeks later, the inoculum containing a minimum
of 10% cells/ml. The cells do not attach firmly to the surface of the glass flask
and can be removed by pipetting.

a b

Fig. 3 a and b. Primary cultures of Culex salinarius after 5 weeks in vitro. a 300X ;
b 600 %

The cells range from 5-17 p in diameter and 28-60 p. in length. Epithelial-
like, round and fibroblast cells are present with the latter predominating
(Fig. 2¢). Confluent monolayers are not formed, but rather the cells grow in
large, scattered patches. The mean mitotic index, based on a minimum count
of 1000 cells is rather low (0.7 %) in 48 hr cultures but gradually increases to
1.6 % at 120 hr. Preliminary chromosome counts indicate that the majority
of cells are diploid (2n =0).

Eighteen primary cultures of C. salinarius were initiated between December
1969 and February 1970. Development of these cultures differed from those
of C. tritaeniorhynchus only in that the cell spheres usually reached greater
diameters and could be dislodged from the larval fragments by gentle pipetting
of the medium. In primary cultures, the cells are predominently epithelial in
appearance and quite uniform in size, ranging from 10-24 p. in diameter and
25-45 p in length (Figs. 3a, b). Subculturing has not yet been attempted.
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2. Glossina motsitans

Our knowledge of the developmental physiology of the life cycle of trypano-
somes in the vector tsetse fly has many serious gaps. The Trypanosoma brucei-
type cycle begins with the ingestion of stumpy forms which initially develop
into typical trypanosome forms in the midgut of the fly and advance to the
crithidial and metacyclic forms which multiply in the salivary glands. The
metacyclic trypanosome is the only form capable of infecting a susceptible
mammalian host (WENYON, 1926). Metabolic studies of the midgut forms and
of the blood streams forms have been fairly extensive (vON BRAND, 1966)
but very little is known about the metabolism of the crithidial and metacyclic
forms (VICKERMAN, 1966). This situation is likely to remain unchanged until
it is possible to culture these forms in vitro.

In a very extensive study, TRAGER (1959) used organs from pupal and adult
Glossina palpalis RoB.-DESv. as primary explants and succeeded in two
instances in culturing Trypanosoma vivax ZIEMANN to the infective stage. In
the present study, explants from larval and pupal G. morsitans were used with
emphasis on extensive cell growth rather than on long term maintenance of
isolated organs.

Materials and Methods. Females of the genus Glossina are ovoviviparous, the
larva maturing within the uterus and pupation usually taking place within an hour
after the larva has been expelled from the female. To obtain early larval stages the
females were surface sterilized for 20 to 40 min. in 70% ethanol and then the larva
was removed from the uterus with care to avoid rupturing the gut. Pupae were
similarly sterilized. Healthy pupae immediately sank to the bottom of the dish;
defective pupae remained floating in the ethanol.

Tissues and organs from both stages were lightly teased apart and placed in
T-15 flasks with 3 ml of Schneider’s medium (1964) supplemented with 15% FBS.
Two to 4 larvae or a single pupa provided sufficient material for a culture. The
cultures were maintained at 27 4 0.5° C with a gaseous phase of ambient air.

Results. A minimum of 12 cultures were initiated from each of the three
larval instars. The most successful cultures were obtained from larvae in which
the polypneustic lobes were present but not fully developed. Cells from this
stage readily attached to the bottom of the flask and monolayers, not fully
confluent, were attained within a few days. Although the cells retained a
healthy appearance for extensive periods, all attempts to subculture them
failed. Explants from the later larval stages or from pupae less than a week
old proved refractory for culturing.

Extensive growth, however, was obtained with explants from pupae 10
to 16 days old. In particular, growth in the form of hollow cellular spheres was
most abundant from fragments of pupal gut (Fig. 4). Within 2 weeks, these
spheres frequently attained diameters of 3 to 4mm. The spheres began to
pulsate by the 4th or 5th day of culture, a property extending to small groups
of cells which attached to the bottom of the flask after the spheres had been
teased apart. The cells are epithelial in appearance, contain many dense granules
and vary from 30 to 40 p in diameter and 55 to 70 p in length.
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Somewhat disconcerting was the realization that these cells may be very
sensitive to radiation emitted by the microscope lamp. If examined under
phase contrast for more than a few minutes, vacuolization of the cells begins,
followed by pronounced degenerative changes. Recovery of such cells is very
poor. If the deterioration is occurring as the result of radiation from the lamp,
it is unlikely that wavelengths in the infrared portion of the spectrum are
responsible. The lamp is cooled by forced air with 2 heat filters interspersed
between the lamp and the condenser. After 10 min. exposure, the air tempera-
ture at the plane of the cells on the microscope stage rose 0.2° C. That such a

Fig. 4. Cellular sphere developing from fragment of pupal gut of Glossina morsitans after
3 weeks 1n culture. 150 X

minute change in temperature could have so pronounced an effect on the
cells does not seem very plausible. This problem has now been largely mitigated
by placing all Glossina cultures in T-15 flasks which have been coated with
amber stain in 521 brushing medium and fired for 10 min. at 553° C.

D. General Discussion

The discussion will focus on two aspects of insect culture which have not,
as yet, received the attention they deserve. Other topics were discussed by
previous reviewers (DAy and GRACE, 1959; MARTIGNONI, 1960; JONES, 1962,
1960; SCHNEIDER, 1967; GRACE, 1968 ; VAUGHN, 1908).
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1. Origin of Cells in Culture

One of the major obstacles to the culture of insect tissue sn vitro is the
very small size of the insects themselves. Although a few insect cell lines have
been established from isolated organs, primarily ovaries, or from hemocytes,
the majority of dipteran lines currently available originated from primary
explants consisting of hundreds of individuals. To ascertain the identity of
those cells which proliferate in such cultures presents a formidable problem.
A few approaches, however, may prove feasible, especially for lines established
from the late embryonic or early post-embryonic stages. At this stage of
development ¢z vivo, multiplication has largely ceased except for 3 cell types,
namely nerve cells, hemocytes, and the cells of the imaginal discs. Distinguishing
between these 3 types might not be too difficult assuming, of course, that
dedifferentiation of the cells has not been too extensive. Histochemical and
cytochemical studies as well as micro-cinematographic recordings may be of
value. A more direct method, however, could be applied to those primary
explants which give rise to spherical cell monolayers. Excised cell spheres
could be transplanted into suitable hosts and the identity of the cells deter-
mined by their subsequent differentiation ¢z vivo. One might also explore the
possibility of obtaining “tissue specific’” antigens from donor insects, preparing
antisera against them and using fluorescent antibody staining to detect cells
carrying such antigens in primary cultures. OKADA (1965) has used this tech-
nique with considerable success in identifying cells derived from a single source
in heterotypic reaggregates of mammalian cells. But such studies may not be
feasible with insect cultures for a number of reasons, the most prominent
again being the small size of the insects.

2. Culture Media and Cell Nutrition

There seems to be a disturbing tendency for culture media to be selected
more with emphasis on availability than suitability. This applies not only
to culture media for dipteran species but for other insect species as well. In
all likelihood, the very great plasticity of insect cells to adapt to conditions
wn vitro has tended to obscure the dubious value of this practice.

The composition of insect hemolymph varies considerably, in inorganic
cation-anion ratios, concentrations of carbohydrates, amino acids, organic
acids, proteins and the like, not only among orders but also among families,
genera, species and even between different stages of an individual insect
(FLORKIN and JEUNIAUX, 1964). Hemolymph analyses for all of the insect
species used to initiate cell cultures are not, of course, available, nor are all
of those reported as adequate and/or accurate as they might be. Yet there
is little evidence (with a few notable exceptions) to suggest that suchinfor-
mation, when available, is considered in the design of culture media.

WayMmouTH (1957) in reference to designing vertebrate culture media has
stressed the potential pitfalls of basing such solutions on analyses of blood
composition. Her contention that ““the blood stream is the sink as well as the
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source for a wide array of cell products and metabolites” is also valid for the
hemolymph of insects. Nonetheless, such analyses would seem to provide a
more logical starting point for the design of culture media than the rather
haphazard approach now so much in evidence.

Equally valuable, if not more so, would be an evaluation of the nutritional
requirements of insect cells once placed in culture. GRACE and BRZOSTOWSKI
(1966) analyzed the amino acids and sugars utilized by A. eucalypti cells grown
wn vitro over a 7 day period. They found that 14 of 21 amino acids in the
culture medium decreased in amount, the other 7 either remained at the same
level or increased in concentration. The sugars, glucose, fructose and sucrose
were utilized to the extent of 90, 60 and 23 %, respectively. And in the present
volume, separate reports by VAUGHN (p. 42, 92) and by JENKIN etal. (p.97),
describe certain aspects of lipid metabolism in cell lines of A. eucalypti and
A. aegypti, respectively. Additional studies of this nature should be conducted,
not only on the established lines but also on cells in the very early subcultures;
e.g., before, not after, the metabolism of the cells has been altered, perhaps
profoundly, by the culture conditions.

To continue the current practice of relying on the eight or ten insect culture
media so far devised for establishing cell lines from very diverse species may
seriously compromise the value of these cells for future studies, including those
with the arthropod-borne viruses.

II. Culture of Cells of the Flesh Fly, Sarcophaga bullata
SIipDNEY T. SHINEDLING and BERNARD GREENBERG

A. Introduction

Fly cells maintained ¢» vitro would be useful for the study of fly-virus-man
interactions. Ideally, these cells should come from an established tissue culture
line. We have thus far had no success in establishing such a line, but one of us
(GREENBERG, 1969) had used tissues of Musca domestica and Musca sorbens
in a preliminary study. Now we have been able to consistently obtain primary
cultures from pupae of the fly, Sarcophaga bullata. These pupae are large—
about 4 mm by 12 mm, and each weighs about 0.17 g, when the maggots are
well nourished—so that a single animal can provide a sufficient number of
cells to start a single culture. Microscopic techniques are not required.

B. Materials and Methods

The culture medium used was a mixture of equal parts of GRACE’s (1962) insect
tissue culture medium (Grand Island Biological Company, GIBCO), SCHNEIDER’s
(1964) Drosophila medium (Revised) (GIBCO), and Medium 199 (GIBCO), supple-
mented with 1.0 mg/ml Yeastolate (Difco Laboratories), 10% fetal calf serum
(GIBCO or Reheis Chemical Company), and 100 pg/ml streptomycin-100 units/ml
penicillin mixture (GIBCO). The pH was adjusted to 6.9-7.1 with 5% sodium bi-
carbonate. Also tested in this study were SCHNEIDER’s Drosophila medium alone,
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supplemented as the above combination, or either medium with 20% fetal calf serum,
5 mg/ml Yeastolate, 5 mg/ml lactalbumin hydrolysate (General Biochemicals), or
other combinations of these supplements.

Cultures were prepared in 4 ounce glass prescription bottles, on cover slips in
Leighton tubes, or occasionally, for photographic purposes, in sealable glass tissue
culture vessels.

Maggots were reared in sacrificed laboratory rats, kept frozen till needed. One-
half to two-day old pupae were washed free of gross contamination with laboratory
detergent, and rinsed thoroughly. A 15 min. immersion in 2% Clorox (sodium hypo-
chlorite 0.1 %), followed by three rinses in double-distilled water sterilized the outside
surfaces of the pupae.

For dissection, a pupa was held by forceps in a small, disposable Petri dish
containing culture medium and opened longitudinally with a No. 11 scalpel. The
expressed lump of pupal material was agitated in the medium to remove unattached
cells and tissue, and the remaining pupa was then discarded. The cells of several
pupae were transferred to a culture vessel by either syringe or Pasteur pipette.
Approximately 200,000 cells/ml, or one pupa/ml were found to give good surface
coverage. The cultures were incubated at room temperature, 22-24° C. Medium was
changed at intervals of a few days to a month. Partial changes, or changes more
frequent than once every two weeks did not seem to benefit the cultures. Obser-
vations were made with a Wild M40 inverted phase contrast microscope. Transfers
were attempted using aspiration, scraping with a rubber policeman, or 0.25 % trypsin.

C. Results

Typically, cells attached in the first half hour and began to aggregate
within the first 6 hours (Fig. ). By the third to fifth day a partial monolayer
had formed (Fig. 6), which then slowly began to degenerate. In the denser
cultures, mitotic figures could be demonstrated at 8 weeks, though cell numbers
were diminished. Some cells showed somatic pairing.

The cultured cells were highly variable morphologically (Figs. 7 and 8).
Distinct types were observed, but variations of these were common. The
regularly obtainable cells, ranging from about 15 to 60 p in width, fell roughly
into five categories:

(1) Smoothly bounded, round, single cells.

(2) Clusters of small, broad, fusiform cells.

(3) Large clumps of small round cells with occasional larger cells. Cells on
the borders of these clumps often extended rays onto the vessel surface and
the clumps were firmly attached. Mitoses were seen almost exclusively among
these cells.

(4) Bipolar or multipolar, fibroblast-like cells with smooth, round or ovoid
cell bodies. These cells and other cell types were often joined, singly or in
groups, by networks of long, straight, syncytoid rays. In some cases these
ray networks included most of the cells in the culture (Fig. 9).

(5) Medium to large, round or multipolar, single cells with granular cyto-
plasm, sometimes binucleate. An anomalous, possibly degenerating, variation
of this type, possibly a complex of more than one cell was observed. This type
of cell was very large (up to 160 u in width) and was often highly vacuolated,
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Fig. 5. Aggregated cells at six hours. X450

IFig. 6. Partial monolayer, at five days. X450
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Fig. 7. Spindle-shaped cells between clumped round cells. Other types may also be seen.
X415

Fig. 8. Clumps, fibroblast-like cells, and large round cells with granular cytoplasm. %360
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or multinucleated (3 to 50 nuclei), or both (Figs. 10, 11). Frequently, large
inclusions with a layered appearance were seen in stained preparations. These
cells also sometimes showed large globules of lipid (demonstrated by staining
with Oil Red 0).

A sixth cell type was seen only in one group of cultures and has not yet
been cultured again. These cells were small and spindle shaped and tended
to form a completely confluent monolayer (Fig. 12). This unusual, profuse cell

Fig. 9. Cells growing in a syncytoid ray network. X340

sheet, formed in the first three days after the culture was initiated and began
to degenerate within the first week.

Media supplemented with 5 mg/ml Yeastolate proved to be toxic. The
other heavily supplemented media (20% calf serum, 5 mg/ml lactalbumin
hydrolysate, or both) and the normally and heavily supplemented SCHNEIDER’s
Drosophila medium produced much denser growth. The same cell morphology
was observed, but the culture consisted mainly of dense, three dimensional
clumps of cells. These cell masses, however, followed much the same course
as the sparser monolayers. Our most effective transfers were made by aspi-
ration from these cultures, but neither these nor other transfers ever grew to
the density of the parent cultures and it would seem that the course of the
culture was unaltered by what amounted to simply moving some of the cells
to a new vessel with a partial change of medium.
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Fig. 10. Giant, highly vacuolated, multinucleate cell (or cells), with other granular
type 5 cells. X350

Fig. 11. Group of nuclei of cell in Fig. 10. x 1425

2 C.T. in Microbiology Vol. 55
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Fig. 12. Confluent monolayer of spindle-shaped cells. X340

D. Discussion

It is not possible to know, from simple morphological description, the
tissue of origin of the cells in these cultures. The origin of two of the types is
suggested, however, by the detailed studies of S. bullata hemocytes by JONES
(1956) and WHITTEN (1964). Several of the plasmatocyte forms described by
JONES are very similar to the type 4 fibroblast-like cells. Also, the filamentous
rays, networks, and fragments of our study resemble the attached and detached
filaments of plasmatocytes described by JonEs and the type 5 granular cell is
similar to his description of the granular hemocyte. This cell also resembles
the amoeboid phagocytes described by Hirumi and MARAMOROSCH (1964) in
their culture of Anosia plexippus.

The giant form of the type 5 cell has interesting similarities to the multi-
nucleate granular hemocytes found by WuITTEN. The inclusions of phago-
cytized material and the capacity to either retract or extend filaments suggest
that these may be related to the granular, round or multipolar cells in our
cultures and that the lamellar inclusions in the cells may be phagocytic
vacuoles.

It should be noted that the smooth, round or ovoid cells present in the
early cultures (Fig. 5) resemble WHITTEN’s photographs of larval plasmato-
cytes and that these cells, according to the plasmatocyte transformation
scheme of GUPTA and SUTHERLAND (1966), often become granular hemocytes.

The lack of proliferation beyond the first week of cultural life may be
considered from three points of view: dedifferentiation, alteration and nutrition.
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GRACE (1962) reported a four month-period of quiescence and a culture
age of ten months before his Antheraea cells began to proliferate indefinitely.
This period may be necessary in some instances to allow the cells to dedif-
ferentiate. Applied to our cultures this would suggest the necessity for a heavy
inoculum and a rich medium to try to ensure the survival of the culture for
many months.

A more active approach is to attempt to alter the cells in culture, namely,
to induce malignancy. Experimental use of insect viruses to achieve this would
be the most logical approach to alteration of insect cells. HAYFLICK (1967)
suggests that even those #» vifro oncogenic events which appear to be spon-
taneous may be mediated by virus and gives as examples evidence of alteration
of African green monkey kidney cells by low concentrations of adenovirus and
association of virus with Burkitt’s lymphoma, a malignancy not historically
regarded as viral. Other genomic alterations might also be fruitful—X-rays,
ultraviolet light and chemical mutagens such as nitrogen mustard and 5-
bromouracil.

Finally there is a possibility that the medium we have been using is simply
inadequate to support continued mitosis of Sarcophaga cells and that some
nutritional or hormonal factor which the cells need is being removed by
diffusion, rather than supplied, by the medium. A possible hint in this direction
is that most mitoses we have seen were in clumps of cells, where a cell would
be somewhat “‘protected” from the medium by its neighbors. (The alternate
explanation, that clumps will only appear in those areas where mitoses are
occurring, should not be overlooked.) We have attempted to empirically
provide the cells with their nutritional needs, but they are taken from a
specialized phase in the life of the fly and may have specific requirements that
we have not met.

III. Establishment and Characterization of Two New Cell
Lines (CP — 1268 and CP — 169) from the Codling Moth,
Carpocapsa pomonella (with a Review of Culture of Cells
and Tissues from Lepidoptera)

W. F. Hink and B. J. ELL1S

A. Introduction

Cell lines have been established from § species of Lepidoptera representing
5 different families (Table 2). The line from Antheraea eucalypti (GRACE, 1902)
was the first insect cell line to be established and is still in culture after 9/,
years. The primary explants from which the eight lines originated were larval,
pupal, and adult ovaries; larval and pupal hemocytes; and embryonic tissue.
Larval, pupal and adult explants seem to follow the same general pattern
when cultivated. For a period of several weeks, cell migration or proliferation

2%
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Table 2. Cell lines from Lepidoptera
Insect Preparation No. of Time in  Growth medium?® Reference
of culture sub- culture
cultures

Bombyx mori Larval ovaries 12b Salts, glucose, VaGo and

(silkworm) CH, YE, glut- CHASTANG
amine, choline, (1958)
10% HH
Bombyx mori Larval gonads 22b Trager solution A  Gaw, Liu,
{(minced) (salts, maltose), and Z1a
10% HH (1959)
Bombyx mor: Larval ovaries 3 yrb GMA, 5% A. euca- GRACE
(trypsinized) 5 yre lypti hemolymph  (1967)

Antheraca Pupal ovaries 2 yrb GMA, 5% HH GRACE
eucalypti  (trypsinized) 9Y/, yre (1962)

Chilo sup- Larval hemocytes 2yrand CSM-2F (salts, MITSUHASHI
pressalis 8 mob glucose, fructose, (1967a)
(rice stem peptone, LH, YL,
borer) choline, FBS,

TC-199)

Heliothis zea Adult ovaries 115¢ 3 yre Yunker medium  HiINK and
(corn ear-  (trypsinized) (GMA, FBS, EU, IcNoFFO
worm) BA) crystallized  (1970)

BA

Trichoplusia Adult ovaries 183°¢ 2yre TNM-FH (GMA, HINK (1970)
mt (cabbage (minced) FBS, EU, YL,
looper) LH, BA)

Carpocapsa  Embryo (teased 57°¢ 17mo¢  TNM-FH Hink and
pomonella  apart) ErLis
(codling (this
moth) section)

Spodoptera Pupal ovaries 30¢ 16 mo*® GMA, FBS, EU, VAUGHN
frugiperda (treated with 4.4% B. mori (personal
(fall army- trypsin and hya- hemolymph communica-
worm) luronidase) tion

Samia Pupal hemocytes 35b 15 moP GMA, FBS, CHAO and
cynthia 0.5% HH BaLL (p. 28)

@ The following abbreviations are used: GMA GRACE’s (1962) insect tissue
culture medium; HH homologous hemolymph; YE yeast extract; CH casein hydro-
lysate; FBS fetal bovine serum; EU chicken egg ultrafiltrate; B4 bovine albumin;
YL Yeastolate; LH lactalbumin hydrolysate.
b At time of original publication.
¢ As of 3/15/70.

occurs. Following this initial growth, cell multiplication ceases or decreases
drastically. After a period of 6-9 months, cell growth resumes and sub-
culturing may be initiated.

It is significant that 7 of 8 cell lines are cultured in GRACE’s (1962) medium
plus various supplements. GRACE’s medium contains concentrations of amino
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acids, organic acids, fructose, and sucrose similar to those present in the
hemolymph of the silkworm, Bombyx mori (WYATT, 1956). The growth of cells
from diverse species in this medium suggests that the nutritional requirements
of cultured insect cells may not be as critical as early investigators had as-
sumed. Further evidence for the flexibility of growth requirements is the
adaptation of the A. eucalypti cell line to growth in several media (NAGLE
et al., 1967; YUNKER et al., 1967; MiTSUHASHI and GRACE, 1969).

Of the eight established lines, four were either established or are currently
being cultured in hemolymph-supplemented (HS) media and four were es-
tablished and are maintained in hemolymph-free (HF) media. The most
important advancement, in terms of technical and practical considerations, is
the removal of insect hemolymph from cell culture media.

The use of heterologous hemolymph in culture systems is desirable when
an insect furnishing the explant is not a good source of homologous hemolymph.
In studies of the specificity of hemolymph, SEN GupTa (1964) cultured larval
intestinal tissue of Galleria mellonella, Amntheraca pernyi, and Melolontha
melolontha in media supplemented with homologous hemolymph and with
heterologous hemolymph from the other two species. No significant differences
in growth were observed indicating lack of specificity in the requirements for
hemolymph. Heterologous hemolymph will also support growth of cell lines
from B.mori (GRACE, 1967) and Spodoptera frugiperda (VAUGHN, personal
communication). RAHMAN et al. (1966), however, assayed replacements for the
3% A. pernyi hemolymph supplement to the medium supporting growth of
the A. eucalypti cell line. Hemolymph from five species of Lepidoptera was
toxic. Only the hemolymph from Awtheraea polyphemus was an adequate
substitute. The conclusion must be drawn that heterologous hemolymph will
support growth, but each culture system must be tested individually.

The realization that hemolymph may not be a necessary requirement for
growth of lepidopterous tissue in vitro was suggested by SEN GUPTA (1961).
The growth of intestinal, ovarian, and testicular tissues of G. mellonella larvae
was compared in HS medium and medium supplemented with calf serum,
yeast extract, trehalose and organic acids. Growth in HS medium was more
pronounced but serum-supplemented medium did support growth and survival
for periods comparable to those obtained with HS medium. Variation in the
percentage of hemolymph supplement between 5 and 20% did not affect
growth. Cell migration from G. mellonella and B. mori ovaries was similar in a
medium consisting of WyATT’s (1956) salts plus lactalbumin hydrolysate and
yeast extract and in a medium composed of WyATT’s salts and sugars plus a
dialysate of B. mori hemolymph (A1zawa et al., 1901 ; A1zawa and SATO, 1963).
Apparently lactalbumin hydrolysate and yeast extract were effective replace-
ments for hemolymph.

Calf serum can, to some extent, be used as a replacement for insect hemo-
lymph (VAGo and CHASTANG, 1962a). Cultured B. mori ovaries were utilized
to assay various proportions of B. mors hemolymph and calf serum media
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supplements. Five combinations were used: (1) 15 % hemolymph, (2) 10%
hemolymph and 5% calf serum, (3) 5% hemolymph and 10% calf serum,
(4) 2% hemolymph and 13 % calf serum, and (5) 15 % calf serum. The first
4 media supported cellular outgrowth, multiplication and culture longevity
equally well. In medium containing only calf serum, initiation of cellular out-
growth was retarded, cell multiplication was slower and cultures did not
survive as long as when cultured in the presence of hemolymph. In further
tests of hemolymph substitutes, gonads of Lymantria dispar, B. mori, and
G. mellonella were cultured in (1) medium supplemented with 15 % B. morz
hemolymph, (2) medium with 2% hemolymph and 13 % calf serum and (3)
medium with lyophilized chick embryo extract (VAGO and CHASTANG, 1962b).
Cell migration from all explants began about 6 hours after initial culturing
and all cultures in serum plus hemolymph or HS media were in better con-
dition than those in media containing chick embryo extract.

In media for established cell lines, various substances are used to partially
or completely replace hemolymph. Fetal bovine serum (FBS) is used at
concentrations ranging from 4.4% for the S. frugiperda cell line (VAUGHN,
personal communication) to 20% for the Chilo suppressalis cell line (MITSU-
HASHI, 1967a). Different concentrations of FBS affect the growth of cells
(Son1 and SwmITH, 1970). When FBS is omitted from the media, GRACE’s
A. eucalypti and B. mori lines will not grow. Maximum growth is obtained in
media supplemented with 5-10% FBS. YUNKER et al. (1967) adapted the
A. eucalypti cell line, normally cultured in the presence of hemolymph, to a
HF medium. Whole chicken egg ultrafiltrate, FBS and bovine plasma albumin
were employed to replace hemolymph. NAGLE et al. (1967) cultured this same
line as a suspension culture in a FBS-supplemented medium that is otherwise
chemically defined. MiTsuHASHI and GRACE (1969) also adapted these cells to
a HF serum-supplemented medium (CSM-2A) that is very different from the
HS medium in which the line had been grown for many years.

Four of the cell lines (C. suppressalis, Heliothis zea, T. ni and C. pomonella)
originated from explants placed directly into HF media containing FBS and
other substances such as egg ultrafiltrate, lactalbumin hydrolysate, Yeastolate
and bovine plasma albumin. The use of these diverse and chemically undefined
ingredients has, in most cases, eliminated the requirement for hemolymph.

Cell lines grown in HF media multiply as rapidly as those grown in HS
media (Table 3). This suggests that the growth of established cell lines is
independent of hemolymph.

There is a wide range in the growth rates of different cell lines and even
of a single line (A4. eucalypts) in the laboratories of various investigators. The
most rapidly growing line is 7. ns (TN-368) with a population doubling time
of 16 hrs and a subculture interval of 2-3 days (HINK, 1970). Most other lines
have population doubling times of 24-108 hrs and are subcultured at approxi-
mately weekly intervals. The maximum populations are generally 1-3 X108
cells/ml of medium. Exceptions are 2-4x10°cells/ml for C.suppressalis
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(M1TsunASHI, 1967a) and, in one study, for A. eucalypti (Y UNKER et al., 1067)
and 5x108 cells/ml for CP-169 and 107 cells/ml for CP-1268. The latter two
cell lines will be described in this paper.

B. Materials and Methods

The culture medium for C. pomonella is the one employed for the 7. n: (TN-368)
cell line (HiNg, 1970). It is designated TNM-FH and contains 90.0 ml GRACE’s
insect tissue culture medium, 8.0 ml fetal bovine serum, 8.0 ml whole chicken egg
ultrafiltrate, 0.5 gm crystallized bovine plasma albumin, 0.3 gm lactalbumin hydro-
lysate, and 0.3 gm TC Yeastolate. The pH is 6.65; the osmotic pressure is 370 milli-
osmols. All cultures are grown in 30 ml polystyrene disposable tissue culture flasks
(Falcon Plastics) at a temperature of 27° C.

For each primary culture ten C. pomonella eggs containing fully formed embryos
within 2448 hrs of emergence were used. The eggs were surface sterilized in 0.5%
sodium hypochlorite for 15 min., rinsed in a sterile salt solution (Hink, 1966) and
transferred to depression plates containing TNM-FH. The embryos were torn apart
with teasing needles and transferred to tissue culture flasks containing 5.0 ml of
medium.

The culture from which both cell lines were obtained was initiated in December
of 1968. The first subculture, which developed into the CP-1268 line, was made two
months later by removing 3.0 ml of cell suspension and adding it to 2.0 ml of fresh
medium. The original volume of the primary culture was re-established. One and a
half months after the first subculture, a second line (CP-169) was initiated from the
same primary culture by a similar procedure. Initially, the interval between sub-
cultures was 10 days for both lines, but was reduced to 7 days after 13 or 14 sub-
cultures.

Both cell lines are maintained under a normal atmosphere in stationary flasks.
For subculturing the attached cells are loosened by placing the flasks on a platform
rotary shaker for 1 hr at 100 rpm and 0.2-0.5 ml of the resulting cell suspension is
transferred to 4.5-4.8 ml of fresh medium. The volume of the inoculum varies,
depending on the final cell count of the parent culture. Each subculture is started
with 2-4 x 10 cells/ml and a total volume of 5.0 ml. Currently (3/17/70), the CP-1268
line has been subcultured 58 times and the CP-169 line 57 times.

Chromosome studies were done with cells in the logarithmic phase of growth,
using a modified Moorhead method (MOORHEAD et al., 1960). The cells were exposed
to colchicine (1 X107 gm/ml of culture medium) for 5-6 hrs, centrifuged at 100 x g
for 10 min. and the tissue culture medium replaced with 5.0 ml of 1% sodium citrate.
After incubation at 30° C for 15 min., 2-3 drops of fresh Carnoy’s fixative (1 part
glacial acetic acid and 3 parts absolute methanol) were added. The cell suspension
was centrifuged at 100 x g for 10 min., the pellet resuspended in 5.0 ml of fresh
fixative, the suspension incubated at 4° C for 20 min. and the cells washed twice
and resuspended in 2-3 ml of fixative. The cell suspension was applied to cooled
slides and the slides were passed through a flame to ignite the fixative and to spread
the chromosomes. The slides were then air dried and stained for 30-45 min. with
20% Giemsa in phosphate buffer, pH 6.86.

The haploid number of chromosomes for C. pomonella was determined from
squash preparations of testicular spermatocytes from 5th instar larvae. Testes were
removed from larvae, submerged in 1% sodium citrate and incubated for 30 min.
at 30° C. Then the sodium citrate was removed and replaced with Carnoy’s fixative.
After 5 min., the fixative was withdrawn. The tissues were stained with orcein stain
(BRELAND, 1901) without lactic acid, squashed, and examined.
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C. Results and Discussion
1. Growth of the Primary Culture

The growth pattern of the C. pomonella primary culture differed from
other primary cultures of lepidopterous tissues which have developed into
cell lines. The tissues of C. pomonella embryos did not attach to the culture
vessel. Instead, after one month in culture, cells began to migrate from the
interior of the suspended tissues and many layers of cells were formed on the

Fig. 13. Phase contrast appearance of the codling moth cell line, CP-1268. A 2-day old
culture in the 42nd passage. Scale, 50

exterior surface of the fragments. These cells descended to the bottom of the
flask and formed colonies of attached cells. Within two months, the primary
culture contained many suspended cells and a confluent monolayer which
could be subcultured. The two-month period from initiation of the primary
culture until cells began rapid proliferation was relatively short compared to
10/, months for 4. eucalypti, 9'/, months for B. mort, 7 months for 7. ni and
H. zea, and 6 months for C. suppressalis (GRACE, 1962, 1967; HINK, 1970;
Hink and IGNOFFO, 1970; MITSUHASHI, 1967 a).

2. Morphology

The cell lines consist of morphologically diverse suspended and attached
cells (Figs. 13 and 14). Both lines contain spindle-shaped, round or subspherical
cells, cells with a single protoplasmic extension and polymorphic cells with
irregular shapes or many protoplasmic extensions. Approximately 1% of the
total population of both lines is composed of the polymorphic cells.
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The majority (61 %) of the cells in the CP-1268 line are spindle-shaped with
widths of 9.4-15.9 u and lengths of 25.5-47.6 u. Approximately 23 % are round
or subspherical with diameters of 12.9-19.3 u. and 15 % of the cells have a
single extension and measure 8.6-10.1 X 24.2-34.6 n.. The population of the
CP-169 line is composed of 70 % round or subspherical cells measuring 11-20.2 p.
in diameter, 22 % cells with single extensions and sizes of 11-15.9 . X 18.9-40 p,
and 7% spindle-shaped cells with widths of 10.1-13.1 . and lengths of 26.5-31.3 p.
There are two morphological characteristics that distinguish the lines from

Fig. 14. Phase contrast appearance of the codling moth cell line, CP-169. A 5-day old
culture in the 41st passage. Scale, 50p

each other: First, the majority of the cells in the CP-1268 line are spindle-
shaped and the majority of the cells in line CP-169 are round subspherical.
Second, the spindle-shaped cells from CP-1268 are longer than those from
CP-169. Differences in sizes of spindle-shaped cells are also observed in cell
lines of A. eucalypti, B. mori, C. suppressalis and T. ni. Those from T. ni are
the largest and vary in length from 86.3-123.7 w (HINK, 1970), in A. eucalypti
they are 47.4-98.9 u (HINK, unpublished data), in B. mori their length is
50-70 u (GRACE, 1967), and in C. suppressalis they are about 34 u long
(Mrtsunasui, 1967a). While there is no significant size difference in the
spherical-shaped cells of these lines, the size of the spindle-shaped cells may
offer a criterion for distinguishing the lines.

3. Growth Characteristics

Prior to logarithmic growth, the lag phase is about 24 hrs for CP-1268 and
96 hrs for CP-169 (Fig. 15). The population doubling times during logarithmic
growth are approximately 24 hrs for both lines. CP-1268 reaches a maximum



Establishment and Characterization of Two New Cell Lines 27

population of 107 cells/ml, a 40-fold increase over the initial population, in
7-8 days. The maximum population of CP-169 is 5 X108 cells/ml in 8-9 days,
which is a 14-fold increase over the initial population. These established cell
cultures of C. pomonella can be stored at 5° C for 1'/, months without loss of
viability.
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Fig. 15. Growth curves of codling moth cells, lines CP-1268 and CP-169

4. Chromosome Analysis

The haploid number of chromosomes for C. pomonella, as determined from
spermatocytes, is 27.

The distribution of chromosome numbers of the CP-1268 line is bimodal
(Fig. 16). One mode is at the diploid number of 54 and the other is near the
tetraploid number of 108. Fifty-one percent of the cells examined had 51-57
chromosomes and 35% had 102-110 chromosomes. Cells appearing to have
more than 250 chromosomes were not included in the tabulation of the fre-
quency distribution because they could not be accurately counted and there
is no way of disproving massive fragmentation in the absence of visible centro-
meres. Karyotypic analysis was not attempted because of the small size of the
chromosomes and frequent lack of distinguishable centromeres.

The chromosome complement of the CP-169 line was much more difficult
to quantitate. Exact counts were impossible to obtain because of greater
chromosome numbers and difficulties in obtaining adequate spreads. The
modal number of chromosomes is between 101-110 with 29% of the plates
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within this range. Approximately 9 % of the cells are diploid and 72 % contain
more than 100 chromosomes. Thus line CP-169 exhibits a higher degree of
heteroploidy than the CP-1268 line.
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Fig. 16. Distribution of chromosome numbers in line CP-1268 after 1 year of in vitro
culture. A total of 195 chromosome spreads were counted

IV. A Cell Line Isolated from Hemocytes
of Samia cynthia Pupae

JowerT CHAO and Gorpon H. BALL

A. Introduction

Although the in vitro culture of insect hemocytes for varying periods of
time has been reported for about 50 years, the establishment of hemocyte cell
lines has been accomplished only recently. MITSUHASHI (1966, 1967a) suc-
ceeded in obtaining such a line from the diapausing larvae of the rice borer,
Chilo suppressalis. In this report the establishment of another hemocyte cell
line is described. It is isolated from the diapausing pupae of a moth, Samia
cynthia.

B. Materials and Methods

A diapausing cynthia pupa was surface sterilized with 75 % ethanol and a puncture
made at the wingpad with a sterile needle. Hemolymph was dripped directly into
a 25 cm? Falcon flask holding 3 ml of GRACE’s medium (1962) plus 10% fetal bovine
serum (FBS). The flask was placed horizontally, allowing the hemocytes to attach
to the bottom surface. The supernatant was then withdrawn and the attached
hemocytes washed 3 times with complete GRACE’s medium containing 10% FBS
plus 0.5% cynthia pupal hemolymph (both heat inactivated), to remove any poly-
phenol oxidase remaining from the hemolymph of the pupa. Later, this step was
eliminated without ill effects in primary isolations or subcultures.
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Generally, suspended cells were subcultured by transferring 0.5 ml of the culture
to 2.5 ml of fresh medium once in 2 weeks. Often the donor flask was repeatedly
washed and the medium replaced to permit culturing the attached cells. The pH
of the medium was near 6.6 and remained so during the normal period of culture.
Most of the cultures were kept at a temperature of about 25° C.

Other media alone or in combinations, supplemented with varying amounts of
IFBS and homologous hemolymph were also treated for their suitability for isolation
and growth of the pupal hemocytes. They were SINGH’s medium (1967), media 199
and 109, and SINGH’s medium with the inorganic salts replaced by those of the
GRACE’s medium (1962). Smears and chromosome spreads of cultured cells were
stained with Giemsa stain. The growth of the cells was observed with an inverted
microscope with phase contrast optics.

C. Results

Most of the hemocytes became attached to the bottom surface of the flask
immediately after the cynthia hemolymph was added to the flask (Figs. 17-20).
Depending upon the type of pupa used two patterns of cell growth in the pri-
mary culture were observed. In one pattern, straight strands of cells and cells
of epithelial type grew from hemocytes of pupae collected within 1 to 4 months
prior to cell isolation (Table 4, Fig. 21). These cells apparently remained in good
condition for many days but all died upon trypsinization and transfer. How-
ever, a different pattern of cell growth was observed in the cultures of hemo-
cytes isolated from pupae which had gone through a long period of diapause,
e.g. 10 to 14 months (Table 4). The attached cells multiplied more readily
and became a cell sheet in a week, completely covering the flask bottom
(Fig. 22). At the same time, small round cells (13 to 24 p) gradually appeared
in free suspension (Figs. 23, 27 and 28). These cells have been transferred
40 times in the past 17 months and are considered to be an established line.
In old cultures of this line, some cells assumed elliptical, angular or spindle
shape and others became attached again and grew like fibroblasts (Figs. 24
and 25).

Attempts to isolate the attached cells as a separate line failed because free
cells eventually reappeared regardless of thorough washing of the attached
cells. Repeated washing followed by trypsinization and transfer gave the same
result.

The free cells could easily be adapted to grow in hemolymph-free GRACE’s
medium either by weekly replacement of used medium with small amounts
of medium containing only FBS or by adding a large inoculum directly into
hemolymph-free medium. One of the adapted lines is now in its 20th sub-
culture; the cell morphology and growth pattern are unaltered compared to
those of the main line. The cultured cells have about 52 chromosomes (Fig. 26).
The diploid chromosome number of the somatic cells of S. cynthia is 26 (Har-
VEY, 1916). Cells cultured in medium 199 or 109 supplemented with FBS and
hemolymph degenerated in several days. Those cultured in supplemented
SINGH’s medium or in various mixtures of SINGH’s and GRACE’s media survived
one or two transfers.
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Table 4. The isolation and establishment of Samia cynthia hemocyte cell lines

Pupae Hemocytes Treatment of Primary Subculture  Cell line
collected isolated hemocytes after culture
attachment
1967 1968 Medium ex- Attached Free cells 40 transfers
October ~ September haustion and and in 17 months
replacement free cells
1967 1968 Trypsinization ~ Attached Free cells Not followed
October  September and transfer and
free cells
1967 1968 Trypsinization ~ Attached Free cells 17 months
October ~ September and transfer and
free cells
1968 1968 Medium ex- Attached No growth —
October  November haustion and cells only
replacement
1968 1969 Medium ex- Attached No growth —
October  January  haustion and cells only
replacement
1969 1969 Medium ex- Attached No growth  —
October  December haustion and cells only
replacement
1968 1969 Medium ex- Attached Tree cells 3 transfers
October  December haustion and and in 2 months
replacement free cells
1968 1970 — Attached Free cells 2 transfers
October  February and
free cells

Figs. 17-20. Newly isolated hemocytes of cynthia pupae. Fig. 17 and 18, phase contrast.
235 x . Figs. 19 and 20, oil immersion. 1100 X

Fig. 21. Primary cultures showing attached hemocytes isolated from pupae in early state
of diapause. 235 X

Fig. 22. Primary culture showing attached and free hemocytes isolated from pupa in
late state of diapause. 235 X

Figs. 23 and 24. Hemocytes growing in suspension. 235 X

Fig. 25. Hemocytes in 3 month old culture after several replacements of culture medium.
235 X

Fig. 26. Chromosome spread of cultured hemocytes. 1100 X

Figs. 27 and 28. Cultured hemocytes, one almost completely divided. 1100 X
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D. Discussion and Conclusions

The many failures in growing insect hemocytes in the past suggest the
difficult nature of the task. Subcultures grew well from hemocytes isolated
from pupae undergoing diapause for many months but not from those still in
the early state of diapause (Table 4). This result indicates that the age of the
diapausing pupae is an important factor for the success of growing lepidopterous
pupal hemocyte cell lines.

We have not studied the hemocyte types of the cynthia pupa and con-
sequently can only present a tentative conclusion on the origin of the cell line.
According to MITSUHASHI (1966, 1967a), of the seven types of C. suppressalis
hemocytes, only prohemocytes and plasmatocytes multiplied in the primary
culture. With increase in the number of cell generations, prohemocytes became
predominant and plasmatocytes gradually disappeared. He also thought that
prohemocytes could transform into plasmatocytes because intermediate forms
between these two kinds of hemocytes were present. Our observations on the
morphology and growth pattern of cynthia hemocytes in culture lead us to
conclude that our cell line contains a single type of hemocyte (Fig. 19), prob-
ably the prohemocyte, which nevertheless changes shape and growth character-
istics in culture. This conclusion is based on the morphologic similarity of the
cells in suspension derived after a long series of transfers of a few cells at a
time, a technique similar to cloning.

Acknowledgement. This work was supported by Grant AI-00087 from the National
Institutes of Health.

V. Present Status of Tick Tissue Culture

JOSEF REHACEK

Although all developmental stages of ticks of both sexes supply cells which
can be cultivated n vitro, only adult organs and tissues from metamorphosing
nymphs or from adults following molting, either starved or engorged, have
been employed in experiments.

Decontamination of ticks from crude environmental debris such as dust,
hair of host animals and tick feces can be accomplished with tap water. The
ticks are disinfected by immersion for a few minutes in 70 % ethanol followed
by washing with sterile water or saline and the tick cells are prepared for
seeding under sterile conditions. Dissection of ticks is accomplished in a Petri
dish on a layer of mixed paraffin and beeswax. The tick is fixed in a dish with
entomological pins and covered with saline or culture medium,.

Various media for the cultivation of tick organs, tissues, and cells have
been employed (REHACEK, 1958, 1962, 1965a; REHACEK and PESEX, 1960;
MARTIN and VIDLER, 1962; YUNKER and Cory, 1967) without any preference
based on the type of tissue or the developmental stage of the tick. Most studies
have been done with media composed of a mixture of EAGLE’s medium (EAGLE,
1955) plus VAGO and CHASTANG’s medium (VaGo and CHASTANG, 1960) in a
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ratio of 1:1 with the addition of 0.1 % dried calf fraction (REHACEK, 1962,
1965a). VaArMA and PUDNEY (1967) found that the dried calf serum could be
successfully substituted with 10 % fetal bovine. Promising results were achieved
using HANKS’ balanced salt solution to which were added the amino acids and
vitamins of EAGLE’s medium with 20 % ox serum (MARTIN and VIDLER, 1962).
Lactalbumin hydrolysate in HANKsS’ balanced salt solution plus 10 % rabbit
serum, 10% whole chicken egg ultrafiltrate and 10 mg/ml of bovine plasma
albumin was also found to be a useful medium (YUNKER and Cory, 1967).
A recently established medium was devised by the chemical analysis of amino
acids, sugars and salts from hemolymph of engorged Boophtlus microplus
females (REHACEK and BrzosTowski, 1969a) and used successfully with cells
of Rhipicephalus sanguineus ticks. The same authors (REHACEK and BRzosTow-
SKI, 1969b) observed the uptake from this medium of several amino acids such
as leucine, methionine, threonine, phenylalanine, proline, glutamic acid,and
aspartic acid to a significant extent by tick cells while other amino acids did
not change in concentration. Glucose and inositol were utilized by cells in
cultures and this finding was confirmed later for glucose by Varma and
PUuDNEY (1967).

All the media contain penicillin and streptomycin, and in some cases,
neomycin. The pH of these media varies between 6.8 and 7.2. The cultures
are incubated at 27-31° C.

Most of the experiments have been performed with developing adult tissues
and cells from nymphs undergoing metamorphosis several days after engorge-
ment. The best source for a high number of growing cells are the nymphs in
which the developing adults are clearly visible; e.g. the developing frontal
part of the imaginal body and the legs. The preimaginal tissues in early develop-
ment as well as in later stages, after a cuticle starts to develop, produce poor
outgrowths. Tick materials in this state consist of cells, tissues, and hemocytes
from the whole preimaginal tick organism, with the exception of tissues and
cells of malpighian tubules and digestive tract which are discarded during dis-
section. This material is either used as an explant or certain cells are separated
mechanically by gentle pipetting or by the use of trypsin, or by a combination
of both methods.

By careful agitation of tissue fragments and trypsinization, it is possible
to obtain a suitable cell population from various organs plus hemocytes. Such
a suspension, when seeded, results in the establishment of a cell monolayer
in which the cells divide for about 2 months and are maintained in good
condition for a long period (VARMA and PUDNEY, 1967). The yield of trypsin
dissociated cells is increased significantly by using a magnetic stirrer during
trypsinization (VARMA and WALLERS, 1965). The number of cells depends
primarily on the tick species and rate of its development. These types of
cultures are often used for the cultivation of viruses and rickettsiae (REHACEK,
1965b; REHACEK et al., 1968). It is not necessary to use trypsin for the dis-
sociation of tissues as careful cutting by fine scissors, followed by gentle

3 C.T. in Microbiology, Vol. 55
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pipetting, results in a suitable suspension of small fragments and single cells
(Fig. 29).

MAaRTIN and VIDLER (1962) investigated the behavior of various cell types
appearing in cultures of Rhipicephalus appendiculatus ticks. They found that
explants in a medium of HaNks’ balanced salt solution with EAGLE’s amino
acids and vitamins plus 20 % ox serum survived iz vitro for a long period of
time. Contraction with cell outgrowths were observed in cultures for as long

Fig. 29. Devmacentor andevsoni, culture of preimaginal tissue, 5 days old

as 175 days. By using lactalbumin hydrolysate in HANKS’ solution with 10 %
rabbit serum and 10% of whole chicken egg ultrafiltrate plus 10 mg/ml of
bovine plasma albumin as the medium (YUNKER and CORY, 1967), one explant
of Dermacentor andersoni produced cellular outgrowths for 246 days with
survival as evidenced by contraction for as long as 263 days. The nine-month
survival period of a cell monolayer in good condition has been accomplished
with R. sanguineus ticks in a medium based on chemical analysis of tick
hemolymph (REHACEK and BrzosTowskl, 1969b) (Fig. 30).

Using only mechanical preparation of the tissue, it is possible to separate
hemocytes, which are included in the small fragments of tissues, from the
other cells. This method consists of careful and gentle cutting by fine dis-
secting scissors of the dissected organs of preimaginal ticks into tiny fragments
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in a small volume of media. Additional medium is added to the suspension,
agitated very gently, and shortly thereafter, the supernatant is collected and
seeded into suitable containers. The hemocytes adhere immediately to the
surface of the vessel and are maintained in good condition for more than two
months (Fig. 31). It is assumed that these cells will be useful for the cultivation

Fig. 30. Rhipicephalus sanguineus, culture of preimaginal tissue and cells, 3 months old

of microorganisms as, for example, for the growth of Rickettsia prowazek:
(Fig. 32) (REHACEK et al., 1968).

The sediment taken from such a suspension and consisting of tiny fragments
of cut organs, when seeded into vessels, also adheres very quickly to the
surface and gives rise to cell migration and multiplication. These cells are
epithelial as well as fibroblast-like and establish a monolayer. Such types of
cultures are also quite suitable for cultivating various microorganisms, as
shown with Colorado tick fever virus (YUNKER and Cory, 1967) and various
rickettsiae (REHACEK et al., 1968).

Under certain as yet unclear conditions the explants from such a suspension
may establish hollow vesicles in cultures. This type of cell multiplication is
well known in insect tissue cultures (LARSEN, 1967; BHAT and SINGH, 1969).

3*
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Fig. 31. Devmacentor andersoni, hemocytes of preimaginal tick stage, 13 days old

Fig. 32. Hyalomma dvomedarii, hemocyte with Rickeitsia prowazeki, § days old
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In cultures from developing adults the vesicles are seen from the first day
after seeding the explants. They are of a different type, rounded, oval and
dumb-bell form, and are either attached to the mother explant or floating
freely in the medium (Figs. 33 and 34). Often these forms are attached to the
bottom of the vessel. The vesicles from primary cultures are large, about

33

34

Figs. 33 and 34. Dermacentor andersoni, vesicles from fragments of preimaginal tissue,
12 days old

2 mm in size, often exceeding by several times the size of the mother explants
and are visible with the naked eye as small bladders. The large vesicles, when
entirely developed, are composed of single layers of epithelial-like cells. A thin
cuticle-like membrane covers the outer surface. The culture medium and
sometimes also a conglomerate of various cells can be seen inside the vesicles.
The vesicle cells multiply, and on section through the vesicle sheet we repeatedly
observed cells in division. Very often the cells inside the vesicles are connected
by cellular bridges. The hemocytes, sometimes present here are either floating
in the medium within the vesicles or are attached to the vesicle sheet. Vesicles
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gradually increased in size and when they reach a maximum they become
darker in color and begin to degenerate. Attempts were made to pass the
vesicles, together with the other tissues and cells, by gently scraping them
from the flask walls with rubber policemen and gently disrupting them with

Fig. 35. Dermacentor andersoni, second passage of culture from preimaginal tissues
consisting of growing tissue explants, vesicles and hemocytes, 7 days after passage

Fig. 36. Dermacentor andersoni, fourth passage of culture of preimaginal tissues and cells
consisting of growing explants and mostly vesicles, 9 days after passage

pipettes. The first three passages attempted at weekly intervals were successful
and resulted in good cell growth exceeding those of primary cultures (Fig. 35).
However, with each passage the vesicles established were smaller and in higher
number, with the fifth passage in our most recent experiments consisting
almost only of small vesicles with almost no cellular explants (Fig. 36). The
nature of these vesicles, as a type of cell multiplication observed in tick cultures,
is not understood and is possibly a form of cytopathology.



Present Status of Tick Tissue Culture 39

Another source of material for tick tissue cultures is the adult tick body.
It is possible to use starved or engorged ticks, but in our experience best
results have been achieved by using partly engorged ticks, as they are easier
to dissect and the cell yield is greatest. These ticks are metabolizing rapidly
and may be developing eggs, producing higher hormonal activities which
actively influence the cells’ behavior in vitro.

Fig. 37. Deymacentor andevsont females, epithelial cells of ovarian tissue origin, 30th day

Cultivation of the complete body contents of R. appendiculatus females in
a medium composed of HANKS’ solution, amino acids and vitamins of EAGLE’s
medium plus 20 % ox serum resulted in contractile movements of explants for
163 days, and multiplication of epithelial cells, of probable midgut origin, for
a period of 115 days. The fibroblast-like cells developed in moderate numbers
for a period of 44 days and these cells appeared intermittently up to the 66th
day. Sections prepared of cultures on the 170th day revealed healthy salivary
gland cells and midgut epithelial cells (MARTIN and VIDLER, 1962). The organs
usually demonstrate their viability by contractions, migrations and multipli-
cation of epithelial and fibroblast-like cells with the formation of vesicles.
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Vesicles were observed from almost all the organs during various periods and
on occasion they were observed in the first days after seeding. They have also
been seen to develop after a few months following seeding of organ ex-
plants.

The explants of male tick organs have survived for as long as two months
following migration and outgrowth of cells, particularly from sexual organs.

Fig. 38. The same culture as in Fig. 37, 12 days older

The spermatocytes dedifferentiated to fibroblast-like cells. We intend to
continue our investigations with male genital glands, because other types of
cells also have been found to migrate and multiply from them.

The second most useful material for tick tissue cultures is represented by
the adult females of various species of ixodid ticks. All the organs including
connective tissues and hemocytes were employed in these experiments. Most
of the experiments resulted in long persistence of the explanted organs. The
ovaries of various tick species persisted up to 82 days in the experiments by
HorrMaN and KoHLER (1968). We have observed that ovarian tissues of
partly fed females produced well-formed epithelial cells which migrated and
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multiplied. These investigations were achieved with all three types of media
described in this review, and with various genera and species of ixodid ticks.

We recently repeated these investigations with D. andersons ticks received
from Dr. Bram of the U. S. Department of Agriculture, Beltsville, Maryland.
The medium used was lactalbumin hydrolysate in HaNks' balanced salt
solution with 0.1 % bovine plasma albumin and 10 % fetal calf serum heated
at 56° C for 60 min. The ovaries of partially engorged females, which had been
held for one week at room temperature, were cut into small pieces and cultivated
at 28° C in T—flasks of different sizes. The viability of the ovaries was demon-
strated by contractile movements, the establishment of vesicles from the first
day after seeding, and by migration of a few epithelial-like cells in the first
days of cultivation. About ten days after initiating the cultures, discrete small
colonies of these cells appeared and started slowly to increase in size and in
number (Figs. 37 and 38). Two weeks later these colonies became very dense
and covered almost all of the surface of the culture vessel. The older cells
remained attached to the glass surface as epithelial cells and new rounded
cells produced an overlayer. Forty-six days after seeding the cultures, the cells
were scraped very carefully with a rubber policeman and transferred to a
new T-flask. The cells adhered to the glass surface and started to grow slowly.
The following two passages were done after 3 weeks. Even though these cells
multiply very slowly, it appears that they will be one of the most convenient
cell types for our attempts to establish a cell line.



Chapter 2

Analysis of Cells from Established Insect Cell Lines

I. Introduction
J. L. VauGgHN

Within the last five years the number and variety of insect cell lines has
increased rapidly; approximately 20 different cell lines were discussed in the
preceeding chapter. As the availability of insect cell lines increases, and as
their use becomes more widespread, the accidental contamination of these
lines with microorganisms or cells from other lines becomes more likely. Such
contamination of cell lines from higher animals has already been thoroughly
documented, and evidence exists that it has already occurred in insect cell
lines (see the Discussion by GREENE and CHARNEY in this chapter). Methods
have been developed for detecting such contamination in cell lines from higher
animals. It is now essential that these methods be tested and modified, where
necessary, to permit the identification of insect cell lines at least to the species
of origin.

Information concerning the physiological characteristics, the chromosome
complements, and the serological relationships of the various cell lines is
needed to provide markers for identifying insect cell lines. The section by
McHALE and SwEET illustrates the difficulties in using only cultural character-
istics to distinguish two very similar cell lines.

The other sections describe methods currently available and the information
thus far obtained with them for some established insect cell lines. Even a
casual reading of the chapter calls attention to the problems involved and the
amount of research still to be done to solve them. Thus, the reasons for this
chapter are three-fold: (1) to stimulate further research in this very important
area of insect cell culture; (2) to call to the attention of insect cell biologists the
gravity of the problems of contamination; and (3) to provide them with some
techniques for checking the purity of their cultures.

II. Morphological and Cultural Characteristics of
Culiseta inornata and Aedes vexans Mosquito Cell Lines

JaNiECcE S. McHALE and B. H. SWEET

The two mosquito cell lines discussed in this paper were initiated on
hemolymph-free medium, one from pupal tissue of Aedes vexans and another
from newly emerged adult tissue of Culiseta inornata (SWEET and DUPREE,
1968; SWEET and McHALE, 1970). GRACE’s medium (Grand Island Biological
Co.) supplemented with 10 % heat-inactivated fetal bovine serum and anti-
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b

Fig. 39a and b. /n situ phase contrast photomicrographs of living cells of (a) Aedes vexans
and (b) Culiseta inornata. 720 x . Note the variety of cell types (round, spindle) which
grow in suspension in these cultures as well as the occasional fibroblast-like attached
cells (arrow in a). These lines were started and maintained on hemolymph-free medium

biotics was used routinely. Growth from explants was not observed for a
period of 1-3 months, after which small round cells appeared free-floating in
the medium. The number of cells increased rapidly, and a culture-split ratio of
1:10 or 1:15 has been carried out weekly for two years for both cell lines.
Optimum growth in both cell lines occurs at 28° C, followed by limited growth
at 32° C and 20° C and cell death occurs at 37° C. Cells can be stored in the
frozen state at — 70° C and —120° C with 10 % glycerol added to the medium.

The effect of centrifugation on the subsequent proliferation of cells of
C. inornata indicated that these cells are relatively fragile. Centrifugation at
300 x g and above resulted in noticeable cell loss. In stationary flask cultures
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a maximum density of 400,000 cells/ml of medium has been achieved, and we
are developing techniques for mass culture of these cells in roller bottles which
should provide at least a two-fold increase in the cell density.

The gross morphology of the cells is illustrated in Fig. 39. Most of the cells
are in suspension, although some attach lightly to the flask. Note the different
cell types found in these cultures; round, spindle shaped, and a few fibroblast-
like cells (arrow, Fig. 39a). Although we had no other insect lines in-house when
these cultures were initiated, we recognized, through the literature, certain
similarities to cultures of GRACE’s Aedes aegypti (GRACE, 1966) and Antheraca
eucalypti (GRACE, 1902). GRACE’s A. aegypti cultures, however, have giant
spindle-shaped cells not seen in the other lines, and there are certain antigenic
differences among these cell lines which will be discussed in the next section.

Table 5. Multiplication? of two mosquito cell lines in different media

Medium Aedes aegypti Aedes vexans
(RecA-HF) Passage 62
Passage 85

GRACE (1962) + +

SINGH (1967) + -

SCHNEIDER (1969) + -

MrtsunasHI and MARAMOROSCH (1964) — —

PELEG (1968Db) Dead —

Lactalbumin hydrolysate Dead Dead

2 Increase (+) or decrease (—) in cell count over initial inoculum after 10 days.

We attempted to induce these suspended cell cultures to form monolayers
by: (1) selecting the few lightly attached cells when cultures were split and
(2) changing the medium to one used routinely for monolayer type cultures.
Neither method was entirely successful. The attached cell populations could
not be subcultivated and SINGH's medium (1967), routinely used for insect
cultures which grow in monolayers, inhibited multiplication of both C. inornata
and A. vexans cell lines, although some viability was present after a week.

A further analysis of the effects of various media was carried out with
A. vexans cells and cells derived from SuiToRr’s clone of GRACE’s Aedes aegypti
(RecA-HF) (Surtor etal., 1966a). These cultures are routinely carried on
GRACE’s medium without hemolymph. The media used are listed in Table 5.
All were supplemented with 10 % serum and antibiotics. None of the test media
supported the healthy cell morphology and rapid multiplication found with
GRACE’s medium. 4. vexans cells could not multiply in any of the test media.
Some increases in cell count over the inoculum were seen with A. aegypti cells
in SINGH's and in SCHNEIDER's Drosophila medium, but the cells were necrotic
and did not have the characteristic appearance. SINGH’s (1967), MITSUHASHI
and MARAMOROSCH (1904), and PELEG’s (1968 b) media all support the growth
of insect monolayer cultures derived from 4. aegypti and A. albopictus.
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b c

Fig. 40a—c. Phase contrast photomicrographs of C. inornata cells in coverslip wet mount

preparations. See text. a Two cells in different planes of focus, 3000 x. b Telophase

3000x. ¢ A very small cell adjacent to an average size cell. Nucleus (), vacuole-like
bodies (v) 1400 %

A possible critical component, common to the media inhibiting growth of
either cell line, is lactalbumin hydrolysate. Tests with A. vexans, C. inornata,
GRACE’s A. aegypts, and An. eucalypti cells revealed that lactalbumin hydro-
lysate was not toxic at a concentration of 0.5 %, but at 1 % it was selectively
toxic for A. vexams cultures. This may be a possible marker to distinquish
between the morphologically similar lines of A. vexans and C. inornata.

It is our hypothesis that the difference in monolayer and suspended cultures

is one of initial selection of cell type and not an environmentally induced
variation of cellular morphology. Suspended type cultures are more sensitive



46 J. S. McHALE and B. H. SWEET:

Fig. 41a and b. Phase contrast photomicrographs of C.inornata cells in coverslip wet
mount preparations. a Typical spindle-shaped and round cells. b Micro-extensions often
observed at high magnification. 3000 x

than monolayer cultures to changes in media and temperature. Media used in
initiating cultures may select against suspended cell types if they are insuf-
ficient in some critical factor such as amino acid concentration or if they
contain some factor selectively toxic to suspended cultures such as lactalbumin
hydrolysate. Monolayer cultures would then be favored. If GRACE’s medium
is used to initiate culture, either monolayer or suspended type cultures could
result unless an optimal medium for suspended cells allows them to predomi-
nate at the expense of attached cell types. Preliminary experiments involving
the initiation of cultures on various media tend to support our hypothesis.
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We are grateful to Dr. IMOGENE SCHNEIDER of Walter Reed Army Institute
of Research for making chromosome preparations and counts of A. vexans
and C. inornata cultures. The cultures are highly polyploid. A. vexans cells
have chromosome numbers ranging from 152 to 216, with a mean of approxi-
mately 190. The range in C. inornata cells is even greater. Individual chromo-
somes were too small and difficult to separate for karyotypic analysis. A
careful examination of A. vexans cells revealed that a chromosome complement
of 2 n or 4 n could be found in perhaps one cell in 1 000.

A detailed cytological study of C. inornata is presented in Figs. 40 and 41.
Note typical cells at higher magnification (40a, 41a), a mitotic figure (40b),
single nuclei (40a, 40c), vacuole-like bodies (40c), micro-extensions (41b)
and blebs (40a) on the membrane of one cell and the nucleus of the other.
These cells are similar in morphology to cultures described by other workers
as “hemocyte-like”. If the cells are hemocytes, however, they are hemocytes
of the species of origin, since hemolymph from another insect species was
never added. We have not been able to demonstrate phagocytosis conclusively
in these cells using standard particle uptake techniques.

The similar morphology among these suspended cell lines makes it even
more necessary to establish characteristic markers. Primary emphasis should
be placed on cloning, followed by characterization of the clones.

Acknowledgments. Supported in part by USPHS Grant No. A 108208 and
USPHS Grant No. 1-501-FRO-5672-01. The technical assistance of Messrs: HOWARD

D. UntrANK, L. D. DUupPreg, Mirton L. MoutoN, KENNETH J. HARDY, RONALD
LEGER, and Mrs. Dorrs GARNIER is gratefully acknowledged.

ITI. Antigenic Relationships of Mosquito Cell Lines
as Determined by Immunodiffusion Techniques

A. N. IBrauIM and B. H. SWEET

Studies were undertaken in our laboratories to identify mosquito cell lines
and/or to determine the antigenic relationships among them by gel precipitin
techniques using both immunodiffusion and immunoelectrophoresis. Table 6
shows the list of monolayer and suspended cell cultures used in this study, the
primary source from which they were derived, and the tissue culture passage
level.

Cell packs, derived from cultures thoroughly washed free of media, were
homogenized and used as antigens before and after sonication. Sera were
prepared against all the listed cell lines, except that of PELEG (1968b) from
Aedes aegypti, and our A. vexans line, by immunizing rabbits with multiple
injections at 10 day intervals. In the case of the two SINGH cell lines (1967),
A. aegypti and A. albopictus, excellent antibody responses were obtained after
4 intravenous inoculations of aqueous suspensions. The suspended cell lines
required a 5th inoculation of antigen with Freund’s complete adjuvant.
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None of the preimmunization serum samples reacted with any of the test
antigens, nor did antisera prepared against the media in which the cells were
propagated. None of the antisera prepared against the cells reacted with the
growth medium or a continuous porcine cell line (Y-15).

Table 7 summarizes the results obtained with rabbit antisera prepared
against the monolayer mosquito cells reacting with the monolayer and the
suspended cell antigens, both sonicated and unsonicated. Antisera prepared
to the two SINGH lines A. aegypts and A. albopictus cross-reacted only with
each other, either before or after sonication. These same sera also reacted with
the sonicated antigen derived from PELEG’s cells but did not react with anv
other of the antigens tested.

Table 6. Insect cell lines used in immunodiffusion studies

Type of Designation of Reference Primary  Cell culture
culture cell line species source passage
Monolayer  A. aegypti SINGH (1967) Larvae 82
Monolayer  A. albopictus SINGH (1967) Larvae 162
Monolayer  A. aegypts PELEG (1968D) Embryo 110
Monolayer  An. stephens: SCHNEIDER (1969) Larvae 25
Suspended  A. aegypti GRACE (1966) Larvae 185
Suspended  A. aegypti (clone)  SUITOR et al. (1966a)  Larvae 86
Suspended  C. inornata SWEET et al. (1968, Adult 52
1970)
Suspended 4. vexans SWEET et al. (1968, Pupae 30
1970)
Suspended  Anth. eucalypts GRACE (1962) Pupal 177
ovaries

Rabbit anti-Anopheles stephensi serum reacted only with its homologous
unsonicated antigen. However, it reacted with all monolayer test antigens
which were sonicated and with that of Antheraea. 1t would appear that this
antiserum is type specific and can identify its homologous antigen if the test
is performed with unsonicated antigens. However, sonication of the mono-
layer cells may liberate or expose intracellular antigens responsible for cross-
reactions.

When anti-A. albopictus serum was tested against cellular antigens from
SINGH’s A. albopictus and A. aegypti lines, a pattern of complete identity
between the antigens of the two cell lines appeared. No reaction appeared with
any other of the cellular antigens or control media. In a similar manner, anti-
A. aegypti (SINGH) serum reacted only with the two SINGH lines. When cross-
absorption tests were carried out, no reaction appeared; thus, the two antigen
preparations appeared identical under the conditions of the test.

Figure 42 is a schematic representation of immunoelectrophoretic patterns.
SINGH's A. albopictus and A. aegypti antigen preparations in the upper and
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lower wells were exposed to electrophoresis for 2!/, hrs and then made to react
with hyperimmune rabbit sera against SINGH's A. albopictus and A. aegypt.
The latter were placed in the troughs of the upper and lower slides, respectively.
Examination of each of the patterns of the upper or the lower figure alone
indicates that the two antigen preparations are identical, since precipitin arcs
on both sides of the trough of each slide are symmetrical. There are some
differences in the two sera, however. Although A antigen appears in both
tests, B appears only with the A. albopictus serum and C only with the A.
aegypti serum. Examination of both figures leads to the assumption that each
of SingH's A. albopictus and A. aegypti possesses at least three antigenic
components. The differences in immunoelectrophoretic patterns obtained with

A_~B_ QSINGH'S A. m.aomcrusﬂ
< . RABBIT ANTISERUM

/,,,—x SINGH'S A. ALBOPICTUS
A B O SINGH'S A. AEGYPTI

O SINGH'S A. AEGYPTI

RABBIT ANTISERUM
SINGH'S A. AEGYPTI

B |

O SINGH'S A. ALBOPICTUS

Fig. 42. Immunoelectrophoretic patterns of reactions between antisera and antigens of
SINGH's 4. albopictus and A. aegypti cell lines. 4, B, C, hypothetical common antigens;
see text

the two sera may be attributed to differences in amount or immunogenicity
among antigenic components, or variation in response among individual
rabbits.

Table 8 summarizes the results of the reactions of hyperimmune rabbit
sera prepared against the suspended cell lines with the monolayer and the
suspended test antigens before and after sonication. GRACE’s (1966) and/or
Suitor’s (1966a) clone of A. aegypti gave similar reactions. These antisera
reacted with all the suspended cell antigens but did not react with any of the
monolayer cell antigens either before or after sonication.

Anti-Culiseta tnornata serum reacted with all of the suspended cell antigens
except that of A.wvexans. However, it reacted with all sonicated antigens,
including those derived from monolayer cultures. Results were again negative
with A. vexans. Reaction with Awntheraea eucalypti antigen was weak but
present.
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Rabbit anti-Anth. eucalypti antisera behaved in a similar manner as did
C. tnornata antisera, except it did react with Ax. vexans and the monolayer
antigens after sonication. It did not react with An. stephensi cells.

On the basis of these initial studies, we can summarize as follows:

(1) SINGH’s A. aegypts and A. albopictus cell lines appear to be qualitatively
identical but may be quantitatively different, in one antigenic component.

(2) Unexpectedly, no antigenic relationships were shown between the mono-
layer antigen of the 3 Aedes lines and the suspended A. aegypti lines or A.
vexans.

(3) The unsonicated antigens derived from the monolayer A. aegypts lines
did not react with any of the heterologous antisera. However, after sonication
they reacted with antisera of C. inornata, Antheraea and An. stephensi.

(4) One could, by step-wise analysis, differentiate 4. vexans from C. inornata,
A. aegypti, and Antheraea.

(5) Antisera against the suspended A. aegypti lines cross-reacted with all
the suspended test cell antigens; so did the Antheraea antiserum. However,
they can be differentiated since the former antisera did not react with the
monolayer Aedes antigens, whereas the Antheraea antiserum did.

These results indicate the complexity of the problem with which one is
faced in distinguishing insect lines from each other. Further studies are urgently
needed before immunological “markers” for the insect cell lines can be
established.

Acknowledgment. Supported in part by USPHS Grant No. A 108208 and USPHS
Grant No. 1-501-FRO-5672-02.

IV. Characterization and Identification of Insect
Cell Cultures

ARTHUR E. GREENE and JESSE CHARNEY

A. Introduction

During the past two decades we have witnessed an increasing accumulation
of biological knowledge in cytogenetics, biochemistry, immunology and biology
related to experimental techniques developed in mammalian cell cultures.
Comparable achievements are being reported from research studies in poikilo-
thermic cell cultures. It is now obvious that insect cell cultures pioneered by
many of the authors in this volume and by the late Dr. Suitor will also allow
us to gain further insight into many biological phenomena associated with
insects.

Two of the major problems with which cell biologists have contended over
the last two decades are microbial contamination due to bacteria and myco-
plasma and erroneous mixtures of cells of different species. Some of our
experiences in characterizing and preventing contamination of insect cell
cultures are here presented.

4%
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B. Materials and Methods

Insect tissue cultures:

1. GRACE’s Awntheraea eucalypti cells were obtained on May 27, 1965, from Dr.
GRACE and cultured in GRACE’s insect medium with 5% Antheraea pernyi hemolymph
(GRACE, 1962). “Unadapted moth cells”, Freeze 268, designates Antheraea cells
grown in hemolymph and stored in liquid nitrogen in our laboratory. The cells were
frozen in GRACE’s insect medium, 1.5% fetal bovine serum and 1.5% hemolymph
and 5% glycerol after 14 transfers at the Institute for Medical Research.

2. GRACE’s A. eucalypti cells adapted to grow in a medium without hemolymph
by YUNKER, VAUGHN, and CoRyY were obtained from Dr. VAUGHN on February 1,
1967. The culture medium was GRACE’s insect medium as modified by YUNKER
et al. (1967). ““Adapted moth cells”’, Freeze 308, designated the adapted Antheraca
cells stored in liquid nitrogen for the Cell Bank of the American Type Culture Col-
lection. The cells were frozen in 10% glycerol after 2 passages in our laboratory and
a total of 37 passages in hemolymph-free medium.

3. GRACE’s Aedes aegypti mosquito cell line (GRAGE, 1966) was received on
February 23, 1967 from Dr. VAUGHN. The cells were cultured in GRACE’s insect
medium with 5% fetal bovine serum (inactivated) and 5% A. pernyi hemolymph.
On February 28, 1967, the cells were frozen in 10% glycerol without serial passage
in our laboratory and stored in liquid nitrogen as Freeze 309.

4. GRACE’s A. aegypti cells, Freeze 335, were initiated from an ampule of Freeze
309. The cells were grown in our laboratory, passaged approximately 30 times, and
frozen on November 3, 1967, in GRACE’s insect medium, 1% A. pernyi hemolymph
and 10% glycerol.

5. SINGH’s Aedes albopictus cells (SINGH, 1967) were obtained on November18,
1968, from Dr. Sonja M. BUCKLEY at the Yale Arbovirus unit, New Haven, Conn.,
in the 37th passage. The cells were cultured in MiTsUHASHI and MARAMOROSCH insect
medium with 20% non-inactivated fetal bovine serum (MiTsUHASHI and MARA-
MOROSCH, 1964). The cells in 10% dimethyl sulfoxide (DMSO) were stored in liquid
nitrogen and designated as Freeze 402. The cell line was passaged 10 times in our
laboratory before freezing.

6. SINGH's A. aegypts cells were obtained on November 18, 1968 from Dr. Buck-
LEY. The cells were cultured in the same medium as A4. albopictus, stored in liquid
nitrogen and designated as Freeze 415. Cells recovered from frozen ampules were
used in both immunological and isoenzyme studies.

Frozen storage of cells. The frozen ampules of insect cells were prepared according
to the procedures established by the Cell Culture Collection Committee. Ampules
were slow-frozen in a Linde BF-1 apparatus at the rate of 1-2° C/min. to —50°C
and then transferred to a Linde 300 Tank containing liquid nitrogen. Efficiency of
preservation was determined by the vital stains, neutral red for the 4. eucalypti cells,
and trypan blue for the A. albopictus cells, and by testing for multiplication of
thawed cells. Neutral red was judged the better stain for determining the viability
of the unadapted A. eucalypti cells.

Preparation of antisera. In the absence of fresh insects as a source of antigen,
cell cultures were used to immunize animals. GRACE’s 4. aegypts cells were harvested
from 75 cm? plastic flasks. The cells were centrifuged at 1500 RPM for 10 min. to
remove the culture medium, hemolymph and fetal calf serum. They were then washed
5 times in GRACE’s insect medium without serum or hemolymph. Rabbits received
6 intramuscular injections of 1 ml of cell suspension each at 3 day intervals. A final
dose was administered 7 days later and the animals were bled 3 days afterwards.
The sera were inactivated at 56° C for 30 min. and stored at —20° C.
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Antiserum to GRACE’s A. eucalypti cells adapted to YUNKER’s medium was
prepared with a pool of 68 x10% cells by methods similar to those detailed in
the proceeding paragraph.

Guinea pig anti-A. aegypti serum prepared against larval protein, and
rabbit anti-A. pernyi serum were obtained from Dr. VAUGHN. Since these
antisera gave weak precipitin tests, they were concentrated five-fold by
ammonium sulfate precipitation (CHARNEY and CoRIELL, 1964). All antisera
were absorbed by addition of 1/;, volume of newborn calf serum.

Agar microimmunodiffusion test method was that of CROWLE (1958) with
modifications by CHARNEY and CoRIELL (1964). The cell extracts were prepared
by washing the cells 3 times in saline followed by 3 freeze-thaw cycles of the
cell pellet. All antisera used for immunodiffusion tests were absorbed with
calf serum and 4. perny: hemolymph to remove non-specific reactions to
media constituents.

Isoenzyme techmiques. Isoenzyme patterns of cells were studied by electro-
phoresis on polyacrylamide gel in a vertical gel apparatus as previously
described (RAyMOND, 1964). Malate dehydrogenase (MDH) patterns were
developed with NADP as well as NAD. A number of specimens were analyzed
in starch gel electrophoresis by G. LEVAN (personal communication) using the
methods described by Smaw and KoEN (1968).

The extracts were prepared by treating the cell sheets in plastic flasks with
octyl alcohol overnight at 4° C to disrupt the cells and release the enzymes
from the cells (GREENE et al., 1969) or by removing cells from plastic flasks
or blake bottles with 0.25 % trypsin, washing the cells 3 times with saline and
releasing the isoenzymes by 3 freeze-thaw cycles in a dry ice-ethyl alcohol bath.
The crude extracts were centrifuged at 1500 RPM for 15 min. and clarified
at 12,000 RPM for 2 hrs at 4° C.

Sterility tests. Insect cell cultures were tested for microbial contamination
by culturing the cells and supernate in HAYFLICK broth and agar plates
(HAYFLICK, 1965) for mycoplasma. After 5 or 7 days, an aliquot for the myco-
plasma broth culture was transferred to plates and observed for 2 weeks. Blood
agar plates, trypticase soy broth, brain-heart infusion broth, mold and yeast
broth, and tryptose phosphate broth were inoculated with insect cell and
medium to detect bacterial, yeast and mold contamination.

C. Results

Microbial sterility studies. The 6 insect cell lines in our laboratory were
found free from contamination with bacteria, yeast, molds and mycoplasma.
Two of the cell lines, the adapted A. eucalypti (CCL 95) and A. albopictus
(CCL 126) which are candidates for storage in the Cell Bank at the American
Type Culture Collection, were also free of microbial contamination in another
reference laboratory (LAM, personal communication).

Frozen storage of cells. Our studies indicated that both the 4. eucalypti and
A. albopictus cells could be preserved in liquid nitrogen without loss of via-
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bility. Both dimethyl sulfoxide and glycerol were equally effective as additives
in preventing freezing damage. A. eucalypti cells grown in hemolymph and
frozen in 5% glycerol were 78 % viable after recovery from the frozen state
shortly after storage. These cells showed no loss of viability when removed
after 4 years storage in liquid nitrogen. Two hundred ampules of the adapted
A. eucalypti were frozen in liquid nitrogen in 1967. The cells were 90 % viable
by the neutral red test upon recovery in 1967 and no loss of viability was
evident upon recovery in 1970. One hundred and eighty-five ampules of
A. albopictus were stored in liquid nitrogen in 1969. Upon recovery these cells
were approximately 85 % viable and there was no loss of viability after liquid
nitrogen storage for one year.

Fig. 43. Center well: Aunthevaea eucalypti cell antigen; bottom well, rabbit anti-unadapted

Anthevaea eucalypti globulin; left well, guinea pig anti-Aedes aegypti larval protein

globulin; upper well, rabbit anti-adapted Antheraea eucalypti globulin; right well, rabbit
anti-Awntheraea pernyi globulin

Agar gel immunodiffusion. Agar gel immunodiffusion was used successfully
for serological identification. In Fig. 43 GRACE’s A. eucalypti cell antigen in
the center well formed precipitin lines with concentrated rabbit anti-unadapted
A. eucalypti globulin and rabbit anti-moth (4. pernyi) globulin. A very faint
reaction occurred with concentrated rabbit anti-moth (adapted A. eucalypti)
globulin which does not show on the photograph. No reaction occurred with
guinea pig anti-A. aegypts larval protein globulin. Similar reactions were
observed between the adaped A. eucalypti cell antigen placed in the center
and the three rabbit anti-moth globulins. No precipitin lines could be observed
with guinea pig anti-A. aegypti larval protein globulin. This information
together with the chromosome analysis described in the accompanying report
of Nicuors, BRADT, and BowNE (p. 61) indicated that GRACE’s A. aegypts
cells received in our laboratory are moth and not mosquito cells and that
contamination of the original cell line had occurred at some stage in its passage
through a number of laboratories.
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Fig. 44. Center well: Rabbit anti-Auntheraca eucalypti globulin; bottom well, moth
{(Antheraea eucalypti) cells; left well, human (HeLa) cells; upper well, mouse (L 929) cells;
right well, bovine calf kidney cells

Fig. 45. Center well: Rabbit anti-Autheraea eucalypti globulin; bottom well, moth
(Antheraea eucalypti) cells; left well, rat cells; upper well, fathead minnow cells; right well,
gekko lung cells

Rabbit anti-adapted A. eucalypti globulin formed a precipitin line with
moth cell antigen but not human, mouse or bovine kidney antigen (Fig. 44).
Antiglobulin to moth cells reacted with moth cell antigen but not with rat,
fathead minnow, or gekko lung cell antigen (Fig. 45). A precipitin reaction
was obtained between guinea pig antiglobulin to 4. aegypti larval protein in
the center well and 4. albopictus cell antigens but not with moth, human and
mouse antigens (Fig. 46). This indicates that both A. eucalypti and A. albopictus
cell cultures can be distinguished from each other and from homiothermic and
poikilothermic species by immunodiffusion.
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Fig. 46. Center well: Guinea pig anti-Aedes aegypti larval protein globulin; bottom well,
moth (Anthevaea eucalypti) cells; left well, mosquito (Aedes albopictus) cells; upper well,
human (HeLa) cells; right well, mouse (L 929) cells

Fig. 47. Glucose-6-phosphate dehydrogenase on polyacrylamide gel. Cell lines from left

to right: Human (HeLa); mosquito (Aedes albopictus); unadapted moth (Awntheraea

eucalypti); adapted moth (Auntheraea eucalypti; unadapted moth (Antheraca eucalypti);
mouse (L 929)

Isoenzyme analysis. Isoenzyme analysis proved to be an excellent method
for identifying the species of cell cultures. Fig. 47 demonstrates that it is
possible to distinguish between human, mouse and moth cells by glucose-
6-phosphate dehydrogenase (G6PD) on polyacrylamide gel. The cell lines of
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Fig. 48. Lactate dehydrogenase on polyacrylamide gel. Cell lines from left to right:

Human (RPMI 2650) ; mosquito (Adedes albopictus) no pattern; unadapted moth (A ntheraca

eucalypti); adapted moth (Antheraea eucalypti); unadapted moth (Antheraca eucalypti);
mouse (L 929)

Fig. 49. Malate dehydrogenase on polyacrylamide gel. Cell lines from left to right: Mouse
(L 929); human (L-132); moth (Anthevaca eucalypti); mosquito (Aedes albopictus)

the three different species each form one G6PD band but the bands have
different mobilities. No pattern was obtained from the A. albopictus cells.
Similar results were observed on starch gel electrophoresis.

Both unadapted and adapted moth cells gave identical lactate dehydro-
genase (LDH) patterns which are easily distinguished from mammalian species
(Fig. 48).

Moth cells can be distinguished from mosquito cells by MDH isoenzyme
analysis; the moth cells yield a very slightly more mobile anodal band than
the mosquito cells. They are followed by the slower human and mouse bands
(Fig. 49).
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Fig. 50. 6-Phosphogluconate dehydrogenase on starch gel. Cell lines from left to right:

1 human (WI-38); 2 human (WI-38 2RA); 3 human (WI-26 VA4); 5§ rat (RR1022,

clone 1034); 6 rat (RR1022, clone 1032-P); 7 rat (RR1022, clone 1033); 9 mosquito
(Aedes albopictus); 10 moth (Anthevaca eucalypti)

Fig. 51. Acid phosphatase on starch gel. Cell lines from left to right: I moth (Adntheraea

eucalypti); 2 mosquito (dedes albopictus); 4 rat (RR1022, clone 1034); § rat (RR1022,

clone 1034-P); 6 rat (RR1022, clone 1033); 8 human (WI-38); 9 human (WI-38 2RA);
10 human (WI-26-VA4)

6-Phosphogluconate dehydrogenase (6PGD) and acid phosphatase iso-
enzyme patterns on starch gel electrophoresis are shown in Fig. 50 and Fig. 51.
The moth cells have a prominent single 6PGD band that is anodal to both
rat and human cell extracts. The mosquito A. albopictus band trails the rat
and human bands. The acid phosphate pattern indicates two bands for the
mosquito cells which move toward the anode and thus allows differentiation
between moth, mosquito and mammalian cell cultures.
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The identification of SUITOR’s clone of Aedes aegypti as a moth cell was
confirmed by G6PD isoenzyme analysis (Fig. 52). SINGH’s Aedes aegypti and
Aedes albopictus yielded no detectable G6PD (patterns 1 and 2). In contrast
SuIToR’s clone (patterns 3 and 6) contained a G6PD isoenzyme identical in
mobility with that of Awntheraca eucalypti (patterns 4 and 5). Therefore, by
immunodiffusion, isoenzyme analysis and chromosome analysis, this clone is
shown to be moth rather than mosquito. It is difficult to determine when the
Aedes aegypti cells were contaminated with the Antheraea eucalypti cells since
the cells were cultured in four different laboratories before arriving at our
laboratory.

Fig. 52. Glucose-6-phosphate dehydrogenase on polyacrylamide gel. Cell lines from left

to right: Aedes aegypti, Aedes albopictus, SUITOR’s clone of GRACE’s Aedes aegypti (Freeze

309 IMR)}; adapted moth (Antheraea eucalypti); unadapted moth (Antheraca eucalypti);
SutToR’s clone of GRACE’s Aedes aegypti (Freeze 335, passaged 30 times at IMR)

D. Discussion

The recent development of a number of continuously propagated insect
cell cultures offers an opportunity for many studies previously limited by lack
of access to insect tissues. Experience with mammalian cell cultures has
demonstrated the ease which cell cultures are contaminated with micro-
organisms or cells of other animal species. HAYFLICK (1969) observed that 60 %
of all cultures received in his laboratory between 1955-1965 were contaminated
with mycoplasma. In BARILE’s laboratory (1968) 45 % of all continuously
propagated cultures tested were positive for mycoplasma and last year in our
laboratory 70 % of cultures received from outside sources were found to contain
mycoplasma, bacteria, yeast or molds.

These observations indicate the need for rigorous efforts to control con-
tamination. Some means that we have found to be helpful include quarantine
of newly established or recently acquired cell cultures in an isolation laboratory
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until they are proven to be free of extraneous microorganisms. Sterility tests
should be carried out on all lots of sera and culture media before they are used.
Aliquots of culture media should be saved for culture when each experiment
is set up. If at all possible, tissue cultures should be made in a sterile room
equipped with laminar airflow and HEPA filters to remove dust and bacterial
contamination (CorIeLL, 1968). The removal of antibiotics from the tissue
cultures is one of the most effective methods of eliminating microbial con-
tamination because it encourages good aseptic technique and faulty technique
quickly becomes apparent.

Storage of mammalian cells in liquid nitrogen has proved invaluable because
it: (1) prevents microbial contamination which is so common when cells are
passaged frequently, (2) eliminates genetic mutations that occur in continuous
culture, (3) prevents the loss of rare and valuable cell lines, (4) is economical
because an investigator can maintain many cells in his laboratory but recover
and grow them only when they are needed. Our experience indicates that
both the unadapted moth A. eucalypti cells and the mosquito A. albopictus
can be preserved in liquid nitrogen and recovered from the frozen state with
no loss of viability. These results are comparable to those observed with
mammalian cells which have been stored for intervals up to 8 years in liquid
nitrogen without loss of viability (GREENE et al., 1969).

Contamination of cultures with cells of different species is not as common
as microbial contamination, but is an ever present threat. Our studies utilizing
agar gel immunodiffusion and isoenzyme analysis demonstrated that one
A. aegypti cell culture received in our laboratory in 1967 was a moth (4.
eucalypti) cell line. Chromosome data confirmed this.

Rabbit antisera prepared against both unadapted and adapted 4. eucalypts
moth cells reacted with homologous moth cells but not with A. albopictus
cells. No reaction was observed against a number of mammalian, fish or
amphibian cell cultures, thus demonstrating that the agar immunodiffusion
technique can distinguish A. eucalypti cell cultures from these species.

Guinea pig anti-A. aegypti larval protein serum gave precipitin lines with
A. albopictus cells but not with moth cells. The reaction could be observed
visually but was often difficult to photograph. This antiserum did not react
against a number of mammalian fish and amphibian cell cultures.

In 1962 VESELL et al. examined the LDH patterns of cell cultures derived
from a few animal species and suggested that isoenzyme analysis might
provide a method for identifying cells from various species when grown in
tissue culture. GARTLER in 1967 pointed out that electrophoretic variants of
polymorphic enzymes might also serve as useful genetic markers for the
detection of intraspecific contamination of cell cultures. More recently MONTES
DE Oca et al. (1969) tested a total of 86 characterized animal cell lines certified
by the Advisory Committee to the Animal Cell Culture Collection (1964).
They observed that 20 out of 22 taxonomic groups can be easily distinguished
from each other by comparison of their G6PD and LDH isoenzyme patterns.



Cytogenetic Studies on Cells in Culture from the Class Insecta 61

Our studies demonstrated that isoenzyme analysis is also a valuable test
for the interspecies identification of insect cells. Using isoenzyme patterns of
glucose-6-phosphate dehydrogenase, lactate dehydrogenase, malate dehydro-
genase, 6-phosphogluconate dehydrogenase and acid phosphatase, we could
distinguish moth (4. eucalypti) and mosquito (A. albopictus) cell cultures from
each other and from mammalian, fish and amphibian species.

MonTES DE Oca et al. (1969) have shown that once the electrophoretic
enzyme pattern is determined for a large number of species and a “finger
print”’ identification chart constructed, the species of an unknown cell line
can be established. The technique which is relatively simple and rapid has
proven of value for identifying species of mammalian, fish and amphibian cell
cultures and our results indicate that the method will be equally valuable
in confirming the species of insect cell cultures.

Acknowledgment. This investigation was supported by the Public Health Service
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V. Cytogenetic Studies on Cells in Culture from the
Class Insecta

WARREN W. NicHOLS, CAROLE BRADT, and WILLARD BOowNE

The class Insecta has provided some of the classical material for studies in
genetics and cytogenetics. The availability of cells in culture from this class
adds a new dimension to the possibilities available for study. The present
paper describe various cytogenetic aspects of three cell lines derived from the
class Insecta. One from the order Lepidoptera is from the moth, Awntheraea
eucalypti; the other two, from the order Diptera, were derived from two
species of mosquito, Aedes albopictus and A. aegypli.

A. Materials and Methods

Cells. The cell lines used in these studies were obtained from the cell bank facility
at the Institute for Medical Research, Camden, N. J., from Dr. GREENE. The
A. eucalypti cells were originally derived by GRACE (1962) and modified by YUNKER
et al. (1967). The A. albopictus and A. aegypti were derived by SINGH (1967). The
culture methods used with these cells are described in another section of this chapter,
GREENE and CHARNEY, p. 51.

Chromosome preparations. Since the A. eucalypti cells grow in suspension, the
time of optimal numbers of mitoses was selected by making preparations each day
after passing the cells. The greatest number of mitoses were found 6 to 8 days after
passage or refeeding. The most satisfactory colchicine treatment was for 18 hrs at a
concentration of 108 M.

The A. albopictus and A. aegypti cells grow as a sheet on the glass surface.
Microscopic inspection of this sheet for metaphase plates indicated that the time of
greatest mitotic activity was 3 to S days after passing the cells. For these cells,
colchicine was used in a final concentration of 10-% M for 11/, hrs.

Metaphase preparations were made by subjecting the cells, suspended in media
containing colchicine, to hypotonic expansion for 20 min. by adding 3 volumes of
distilled water. They were then centrifuged, the supernatant fluid decanted, and
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60% acetic acid—0.1 N hydrochloric acid fixative added to the cell pellet for 10
to 15 min. The fixative was then decanted and 2% orcein stain added. The cells
were dispersed in the stain and squashes made on siliconized slides.

Anaphase preparations were made by obtaining cells in suspension, centrifugation,
and adding fixative as described above with no pretreatment (no colchicine, no
hypotonic expansion). Stain was added and slides made with no pressure applied
to the coverslip.

B. Results

The cells from A. eucalypti are interesting from a cytogenetic standpoint,
but preparations were obtained with a great deal of difficulty and the chromo-
some morphology was quite poor. In preparations both macro- and micro-
chromosomes are present, and the micro-chromosomes make an accurate
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Fig. 53. Distribution of chromosome numbers from cell line derived from Awtheraea
eucalypti. No distinct stemline number is present but instead a range from 120 to 149

determination of chromosome number very difficult. The stemline chromosome
number does not exhibit a sharp peak, but rather is seen as a range of chromo-
some numbers from 120 to 149 (Fig. 53). The diploid chromosome number
of A.eucalypti has been reported to be 50 by THOMSON and GRACE (1963)
on the basis of finding 25 bivalents in meiotic preparations. Examples of the
morphology of the Awntheraea chromosomes are seen in Fig. 54. The micro
and macro nature of the chromosomes can be seen, and it is also noted that
a distinct centromere is not seen in the macro-chromosomes, the two chromatids
usually having the appearance of parallel rods.

Lepidoptera is one of the orders of insects that have been observed to
possess diffuse centromeres or holocentromeres, rather than the more typical
localized centromere. This means that either the entire chromosome acts as a
centromere without any specifically differentiated structure, or that there are
multiple small centromeres along the length of the chromosome. That this
type of diffuse centromere is present can be determined by examining anaphase
preparations which show that the chromosomes move to the poles without
having a bending point, characteristic of a localized centromere. Also, when
chromosomes with a diffuse centromere are fragmented by irradiation, each
of the fragmented units moves to the pole, indicating centromeric activity
over the entire chromosome,
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In the metaphase preparations there are occasional constrictions that
resemble a centromere, but the definitive determination of a diffuse versus a
localized centromere is made on the basis of anaphase preparations. When
anaphase preparations were made from these cells, individual chromosomes
could not easily be distinguished, so that the point could not be completely

Fig. 54. Metaphase plates from cell line derived from Awtheraea eucalypti demonstrating
micro and macro-chromosomes and the lack of a localized centromere. 1935 X

clarified ; however, in some of the anaphase figures the chromosomes did appear
to be moving without a point of bending (Fig. 55). Earlier anaphase figures
should clarify this point further.

The anaphase preparations also demonstrated an exceedingly prominent
spindle apparatus in these cells. Spindle fibers were easily seen in most ana-
phase figures, and it appeared that the continuous spindle fibers were quite
persistent, even up to the stage of cytokinesis, resulting in the eccentric
placement of the nuclei in the resultant daughter cells (Fig. 56a—c). These
cells should offer excellent material for studies of spindle mechanisms.
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Fig. 55. Anaphase cell from Antheraea eucalypti with suggestion of chromosome migration
without a point of bending in the lower group of chromosomes. 1400 X

a

Fig. 56a-c. Preparations from Auntheraea eucalypti line. a Metaphase plate demonstrating

prominent spindle fibers, 2265 x. b Late anaphase or early telophase demonstrating

persistence of prominent spindle fibers producing eccentric nuclei at early stage of

cytokinesis, 2165 X. ¢ Two daughter cells at completion of cytokinesis demonstrating
eccentric nuclei, 1700 X
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Fig. 57. Distribution of chromosome numbers from cell lines derived from Aedes aegypti
and Aedes albopictus. Both show a distinct stemline number of 6

Fig. 58a. Five karyotypes from Aedes albopictus. Each has the stemline number of 6 but
considerable variation in chromosome morphology exists from cell to cell. 1450 X



5*

Fig. 58b. Five karyotypes from Aedes aegypti exhibiting little or no variation in chro-
mosome morphology from cell to cell. 1965 x

Fig. 59a~f. Six metaphase plates from Aedes aegypti exhibiting marked pairing of the
homologous chromosomes of each pair. 1870 x
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Fig. 60a. Metaphase plate from preparation without pretreatment showing homologues
joined in region of centromere. 2035 X

Fig. 60b. Early anaphase from same preparation with an appearance somewhat resembling
synapsis. 1930 X
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The two cell lines from the other Diptera (the mosquitoes, A. albopictus
and 4. aegypti) have a very distinct stemline number. Their chromosomes
are few and are easily studied morphologically. In all species of mosquitoes
in which the chromosomes have been studied, 3 pairs of chromosomes were
found, giving a diploid number of 6. Both of the cell lines described here have
a stemline number of 6 (Fig. 57). There is, however, an interesting variation
between these two lines. The A. albopictus has a great deal of variation in the
chromosome morphology within the stemline number of 6. Fig. 58a shows
karyotypes of 5 cells from the albopictus line. The difference in chromosome
morphology from cell to cell is easily discerned, thus classifying this line as
pseudodiploid. In contrast, the A. aegypti cells (Fig. 58b) exhibited very little
morphologic variation from cell to cell within the line, indicating that these
undergo much less variation and are true diploid cells.

An interesting phenomenon found in these lines of mosquito origin is
somatic pairing. Somatic pairing and the possible resultant crossing over is
often discussed for humans and many other species. However, the only animal
life in which unequivocal somatic pairing is seen is in the order Diptera. A
collection of 6 metaphase plates is seen in Fig. 59; all of these exhibit striking
somatic pairing. When preparations were made from these mosquito cells
without any pretreatment to avoid disruption of the pairing process, it can be
seen that the homologs are joined in the region of the centromere (Fig. 60a).
In Fig. 60b, which represents a very early anaphase, there is an appearance
resembling synapsis, as is seen in meiotic chromosomes. These cells offer
excellent material for cytogenetic studies from the standpoint of their chromo-
some morphology, their small chromosome number, and the interesting
phenomenon of somatic pairing.
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Chapter 3

Physiology of Cultivated Arthropod Cells

I. Introduction
T. D. C. GRACE

Physiology is the study of the specific functions carried out by the various
organs and tissues which make up a multicellular organism. The organs and
tissues themselves are the result of a number of cells adhering to one another
and aggregating in specific patterns to form organized structures. The form
these structures (organs and tissues) will take is determined partly by the
genetic makeup of each cell and partly by the environmental factors acting
upon the cells during embryonic development and throughout the life of the or-
ganism. In order, therefore, to gain some insight into the functions of cellsand
tissues, it is necessary to study their growth, the changes which occur in them
during development and differentiation and the ways in which they convert
available nutrients into energy and other products of metabolism. An obvious
way to study these problems is to place tissues or organs in an environment
which resembles, as closely as possible, the environment within the organism,
but which can be varied or controlled as desired. When a piece of tissue or an
organ is placed in a medium under % vitro conditions it will generally behave
in one of two ways: It may (1) continue to grow, develop, differentiate and
maintain fairly closely, normal physiological functions, much as it would have
done in the whole animal, or (2) its cells may multiply rapidly, migrate away
from the explant and exist as more or lessindependent units. In such cultures,
the explant sooner or later loses its organization and the cells, after a time, adapt
themselves to their new surroundings, lose many of their specific functions
and become ‘“dedifferentiated”’. Thus, in this chapter on the physiology of
cultured arthropod cells we are concerned on the one hand with studies of
organized tissues in which the cells have reattained their differentiated state
and on the other in cells and cell populations in which most of the organization
has been lost. The chapter can rather conveniently be divided into three
sections. The first section will consist of papers which describe physiological
studies on organized tissues, or their differentiation. SEECOF and TEPLITZ have
studied the ¢n vitro differentiation of neurons from Drosophila and MARKS
describes the 2z vitro cultivation and activity of the endocrine glands from the
cockroach Leucophaea maderae.

In the second section the paper by CONOVER, ZEPP, HIRSCHHORN, and
Hopes describes the production of human-mosquito somatic cell hybrids and
their response to virus infection.
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The third section is concerned with the functions of cells and their metabo-
lism. VaucuN, Louroupes and DOUGHERTY have studied the uptake of
sterols, both free and serum-bound, by a line of moth cells, whereas JENKIN,
TownseEND, MAKINO, and YANG have made a comparative study of the lipids
in Aedes aegypti and monkey kidney cells (MK-2) cultivated i vitro. WHITE’s
paper describes a histochemical study of the cells from Awntheraea eucalypti.
The last paper by GrRact and MiTsuHAsHI describes the effect of insecticides
on the growth of cells from A. eucalypti growing in vitro.

I1. Drosophila Neuron Differentiation in Vitro

RosEeRrT L. SEECOF and RaymMonND L. TEPLITZ

A. Introduction

Many investigators have described the growth of axons ¢n vitro from ex-
plants of embryonic mammalian or bird tissue (MURRAY, 1965). In all cases
the explant contained cells from already differentiated nervous tissue and no
claims were made for neuron differentiation from stem cells. N1u and TwiTTy
(1953) and BaRTH and BARTH (1958) observed the development % vitro of long
processes which presumably were axons, from neurons that had differentiated
from fragments of amphibian gastrula ectoderm. Neuroblasts in explants taken
from grasshopper embryos show repeated divisions ¢n witro (reviewed by
Carison and GAULDEN, 1964). The cytoplasm is distributed unequally at
each division to generate a small ganglion cell and a large cell that will divide
again. Each neuroblast thus serves as a stem cell for several ganglion cells
but no axons are produced n vitro.

The differentiation of the nervous elements of the Drosophila melanogaster
ventral nervous system has been summarized by Pourson (1950). The in-
formation was gathered from cell counts made on sections from fixed whole
embryos. Gastrulation commences about 3 hrs after fertilization. About 2 hrs
later neuroblasts can be detected as large cells, about 12.5 p in diameter, in
the ventro-lateral ectoderm. Each neuroblast undergoes probably 8 unequal
divisions, generating a small ganglion cell (diameter about 3.3 p) each time.
Each ganglion cell divides once to give a total of 16 ganglion cells from each
neuroblast, with an estimated 26 to 32 min. between each division in the
sequence. The ventral nervous system is formed by a condensation of these
cells, and nerve fibers can first be seen clearly about 10 hrs after fertilization.

LEssEPs (1965) reported that cells with long processes appeared in cultures
of dissociated Drosophila melanogaster embryos and he identified them as
neurons by their morphology in the light microscope. Since the youngest
embryos were about 6.5 hrs old when dissociated and axons had probably
not developed, LESSEPs attributed their appearance to differentiation in vitro.
This conclusion may not be warranted, however, because Drosophila sometimes
lay partially developed eggs. Similar results were obtained by SeEcor and
UNANUE (1968) who dissociated D. melanogaster embryos 4-7 hrs after they
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were laid and plated out the cells. They inspected the cells immediately but
could not detect any morphological differentiation. After 7 days in witro,
however, cells with long processes that had the morphology of neurons were
observed. It was concluded that differentiation had taken place and these
cells were probably neurons, but it is possible that these cells, as in the studies
of LESsEPS, could also have been already differentiated cells re-establishing
their morphology % vitro rather than stem cells differentiating for the first
time.

In the present study, individual cells from dissociated Drosophila embryos
were monitored by light microscope. Many cells were observed to make unequal
divisions and to generate axon-like processes. Inspection by electron micro-
scopy demonstrated the presence of axons among the cultured cells.

B. Observations on Living Cells

Cells which were prepared as described previously by SEECOF and UNANUE (1968)
were placed between the two coverslips of a Sykes-Moore chamber (SYKEs and
MoOORE, 1960) at a concentration of 2x10f cells per ml. The cells were allowed to
settle on one coverslip for a minute and then the chamber was turned over. This
procedure resulted in a small number of cells attaching to the first coverslip and the
great majority to the second.

The chamber was placed on the stage of a microscope so that the cells to be
monitored were attached to the underside of the top coverslip. The cell layer on the
bottom provided a milieu that sustained the isolated cells above them. Room tem-
perature was 25 to 26° C while the cells were observed.

Immediately following preparation, cell aggregates and individual cells
were found to be attached to the glass. Many cells were seen to make unequal
divisions and generate long processes along the surface of the coverslip.
Figs. 61a—d illustrate a typical sequence of these events. A cell was chosen
before division and photographed by phase contrast at intervals. Between
observations the culture was not illuminated to avoid heating the cells. Fig. 61a
was taken 1 hr and 40 min. after the culture was initiated. The cell, labeled
N, was rounded up at the start and had a diameter of about 13 u. Three hours
and ten minutes later this cell had divided to give a group containing at least
six small cells and one large cell. Twelve hours and thirty minutes later a
branched axon about 50 p. long had formed (Fig. 61 b). The camera was focused
on the axon for this photograph and the neuron cell body with small daughter
cells, and the adjacent cell that is seen in Fig. 61a, are out of focus.

Fig. 61c¢ shows the cell 4.5 hrs later. Three processes emanate from the
neuron cell body. It is not possible to determine whether these are one branched
axon or three separate ones. Two small daughter cells, each 2-3 u in diameter,

Fig. 61. Phase contrast photographs of living Drosophila neuroblast undergoing unequal

divisions and producing a branched axon % vitro. a Two cells after 1 hr and 40 min.

in vitro. The cell marked N is followed in the other figures. b After 17 hrs and 20 min.

Cell N has produced an axon about 50 u long. ¢ After 21 hrs and 50 min. The axon is

longer and branched. d After 44 hrs. One axon branch is 100 p long and has a diameter
of about 0.7
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Fig. 62. A mixture of cell types after 48 hrs in vitro. Cross section of axon terminal (T)

showing stained vesicles enclosed by a membrane. A second axon terminal is nearby

with vesicles partially displaced by artifact. 4 sections through more proximal portions
of axons. Opaque spots are precipitates from fixatives

are visible near the neuron cell body, the other small cells having already
fallen away.

Twenty two hours and ten minutes later one process has attained a length
of about 100 p (Fig. 61d). The axon’s diameter is about 0.7 p. at this time.
We have observed many cells, presumably neurons, generate an axon in a
similar fashion. The rapidity with which the daughter cells are produced, and
their small size relative to the original cell suggests there is little synthesis of
new cytoplasm.

The figures indicate that the small daughter cells do not generate axons
wm wvitro. Occasionally we have observed axonated cells unaccompanied by
small cells but we do not know if these are a different cell type, or a type in
which the production of ganglion cells has failed i vitro.
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C. Observations on Fixed Material

To confirm the identity of the cell followed in Fig. 61 and to learn more
about its ultrastructure, we examined cells from cultures similar to those used
in the above study, by electron microscopy. The cultures were allowed to
stand for 48 hrs without medium change and then fixed for 10 min. in a zinc-
iodine-osmium (ZIO) solution which selectively stains the synaptic vesicles
of axon terminals.

As technical limitations prevented us from processing single cells, we
prepared whole cultures and scanned them for axon terminals. Fig. 62 shows
two cross sections of cell processes about 1 w in diameter bounded by a mem-
brane about 30 nm thick. This is the expected dimension for an axon and
corresponds in size to the axons we observed by the light microscope (Fig. 61).
The cell processes contain dense bodies 50-65 nm in diameter. The cell processes
and contained vesicles fulfill the dimensional and histochemical requisites for
axon terminals.

D. Conclusions

Our observations show that individual cells undergo the sequence of events
previously reported for neuroblasts differentiating ¢ wvivo. The unequal
divisions and cell-process-generation described are typical for neuroblasts
and unknown for other cell types, so the observed differentiation was almost
certainly that of neuroblast proceeding to neuron and ganglion cells. The
neural identity of these cells is supported by the finding of axon terminals in
the cultures. These axons probably differentiated ¢# vifro, but there is a small
possibility they were formed 4% vivo in embryos of advanced age. Regardless
of their origin, they show the approximate dimensions of the cell processes
observed by the light microscope, thus supporting the axonal expectation.

Acknowledgment. Supported by National Institutes of Health grants A 105038
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III. Cultivation of Insect Endocrine Glands iz Vitro
Epwin P. MARKS

A. Introduction

The possibility that insect hormones can be used as agents for pest control
and the abundant evidence that insect glands are active in #n vitro preparations
(MARKS, 1970) have led to renewed interest in the question of what happens
to insect endocrine glands when they are held ¢ vitro for long periods.

Among the earliest studies of endocrine glands maintained ¢n wvitro are
those of HORIKAWA and SuGAHARA (1960) who incubated brain-ring gland
complexes from pupae of Drosophila in nutrient medium containing C-
thymidine. They found that 7.5 krad of X-rays not only stopped the incorpo-
ration of thymidine in those cells responsible for secretion of the molting
hormone, but that the hormone effect produced when the ring gland was
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incubated was also destroyed. OBERLANDER et al. (1965) maintained pro-
thoracic glands of Samia cynthia ricini (DONOVAN) with an active pupal brain,
and the presence of the brain stimulated RNA synthesis in the cells of the
gland. LeLoup and GIANFELICI (1966) and SCHALLER and MEUNIER (1907)
used brains from the blowfly Calliphora erythrocephala MEIGEN, and from a
dragon fly, Aeschna cyanea MULLER, respectively, and showed that the neuro-
secretory cells of brains maintained i# vitro demonstrated the same staining
reactions as those from normal brains. GIANFELICI (1968a, b) maintained the
brain-ring complex of Calliphora for as long as three weeks in vitro and was
able to follow the accumulation of granules in the median neurosecretory
cells and their eventual storage in the corpus cardiacum. COURGEON (1969)
studied the cephalic ganglia and ring gland of Calliphora and found that after
8 days in wvitro, mitoses persisted in the cerebral hemispheres and that the
peritracheal cells of the ring gland remained in good condition. The effects of
endocrine glands (Marks and REINECKE, 1965), endocrine gland incubates
(Marks, 1968), and purified hormones (MArRks and LEOPOLD, 1970) on the
development of cockroach leg regenerates in witro showed that the gland
explants were not only viable but that they interacted and produced various
effects on the target tissues.

It is apparent from these findings that insect endocrine glands maintained
in vitro are able to retain not only their structural integrity but also some of
their secretory activities. Therefore, a series of studies of the endocrine glands
of the cockroach, Leucophaea maderae (FaB.) was undertaken to determine
the culture conditions necessary for long-term maintenance, the morpho-
genetic changes in the explants, and the criteria for assaying the secretory
activities that occur in these explants.

B. Methods

In the first of the two culture methods used, one or more explants were placed
in Rose multipurpose tissue chambers under dialysis strip, examined by phase-
contrast microscopy, and then recorded photographically. In the second method,
the explants were placed in culture tubes containing 1 ml of M-18 medium, allowed
to sink, and then incubated for various periods. Following incubation, the tissues
were temoved and examined as whole mounts according to the method of DoGra
and TANDAN (1964).

The M-18 medium has been used successfully to culture nerve tissues (MARKS
et al., 1968) and epithelial tissues (MARKS and LEOPOLD, 1970). It supported normal
activity in these tissues for as long as 90 days and has maintained cultures of dispersed
embryo cells for more than two years. Fetal calf serum was added (5 %) and the pH
was adjusted to 7.5. The medium was changed whenever the phenol red indicated
an acid shift in pH.

C. Results
1. Prothoracic Glands

When single pairs of prothoracic glands were placed in Rose chambers, in
nearly every instance the tissue died within a few weeks without any visible
sign of activity. When the number of glands was increased to 8 or 10 pairs
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Fig. 63. Outgrowth of cells from a prothoracic gland (a) has formed a monolayer (b);
40 days in vitro

Fig. 64. Migrating cells (b) pour out of prothoracic gland (a) onto the coverslip; 28 days
m vitro

per chamber, cell migration and monolayer formation with mitotic activity
persisted for several weeks. Since the survival of the glands seemed to depend
upon a ‘‘tissue mass effect’”’ other tissues such as blood clots, brains, and
immature leg regenerates were added to single gland cultures; all were effective
maintaining mitosis and cell migration in the gland. The most successful
preparations consisted of one leg regenerate and two pairs of prothoracic
glands placed on either side of the chamber at such a distance that the cell
migrants from the various explants did not come into contact. Nearly 100 %
of these cultures survived. Cell migration usually began about 10 days after
explantation, either at the cut ends of the glands or from breaks in the sheath
(Fig. 63). The cells, because they lacked phagocytic vacuoles and possessed
finely stippled cytoplasm, could be distinguished from the blood cells that
occasionally clung to the explant (Fig. 64). In well-defined sheets, the cell
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boundaries were irregular, and in isolated cells, the cytoplasm was often ex-
tended in broad, thin sheets and occasional cells had phase-dark vesicles
around the nucleus.

As the cells formed into monolayers, a second type of cell migrated from
the gland. This type of cell could be distinguished from the others by the
large nuclei and the system of very fine phase-negative tubules that extended
throughout the cytoplasm. Perhaps the most striking feature of the cells was
their high rate of mitotic activity. In the explants cultured 8 days after
molting, this mitotic behavior was apparent as soon as monolayers appeared
around the edges of the gland (usually between 14-21 days #n vitro) and con-
tinued for 30-60 days. By selecting an area in the monolayer that showed

Table 9. Average vate of wmitoses and duration of single wmitosis in cultures of
prothoracic glands

Days Cells/field Average Average duration
n mitoses/ single mitosis
vitro cell hr (hr)

25 98 1/554 30

35 108 1/333 22

39 120 1/181 49

42 15 1/140 50

mitoses and taking time-lapse photographs of it, it was possible to study the
mitotic behavior with some accuracy. The number of mitoses per cell per hour
and the average duration of a single mitotic event were measured. The results
for four specimens are given in Table 9. Both the mitotic rate and the average
duration of a single mitosis varied widely, and there seemed to be no correlation
between them. It was apparent from the time-lapse sequences that not all the
cells in any one field were involved in mitosis over the period observed. There-
fore, the mitotic rate involved not only the rate of division of the active cells
but also the relative number of active cells in a given field. Since the average
duration of a single mitosis does not seem to vary with age i vitro, it may
be assumed that the increase in mitotic rate is the result of an increase in the
number of dividing cells.

The monolayer around the explants grew rapidly by cell division and by
migration from the explant for up to 60 days, but by 90 days, numerous dead
and dying cells were apparent in the cultures, and no cultures survived more
than four months.

2. Corpus Allatum-Cardiacum Complex

The small size of the corpora allata of L. maderae made it impossible to
separate them cleanly from the corpora cardiaca to which they were attached
and to place enough glands in a chamber to yield a sufficient tissue mass for



Cultivation of Insect Endocrine Glands i Vitro 79

culturing. Therefore, the cultures were prepared by placing a single allatum-
cardiacum complex in a Rose chamber together with an 8-day leg regenerate
at a distance sufficient to prevent intermingling of the cell migrants; under
these conditions, the cultures survived quite well for up to 90 days. Cells
migrated from both the allatum and cardiacum portions of the explant (Fig. 65).
The cells migrating from the allatum had a striking resemblance to those
migrating from the prothoracic gland, and the cells from the allatum showed
the same nuclear dimorphism and frequent mitoses. Pinocytic vacuoles were
scattered throughout the cells, and many phase-dark vacuoles were found in

Fig. 65. Two corpus cardiacum-allatum explants (a) are surrounded by monolayer of cells
(b) migrating from the corpus allatum; 40 days n vitro

clusters around the nucleus and at the periphery of the cell. These differed
from the phase-dark vacuoles found in the cells of the prothoracic gland since
they were surrounded by a well defined vacuolar membrane. Mitotic activity
occurred as early as 25 days #»n vitro (when the cell migrants started to form
monolayers) and persisted for 20 to 30 additional days.

Two types of cells emerged from the cardiacum portion of the explant, and
these resembled the neurons and glial cells that were reported by MARKS et al.
(1968) from cultures of the prothoracic ganglion. In older cultures, the migration
of these nerve cells was extensive, and frequent contacts occurred between
these neurons and the migrating gland cells.

3. Brain-Corpus Cardiacum Complex

When brain explants were placed in Rose chambers, considerable cell
migration occurred from the bases of the optic nerves and other areas where
the brain sheath was ruptured. Such migrants included glial cells, perineuria,
and neurons (MARKs et al., 1968). The thickness of the explant and the heavy
sheath surrounding it made phase-contrast visualization of the neurosecretory
cells and tracts impossible, and any attempt to remove the sheath and flatten
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the explant resulted in disruption of the nerve tracts and the death of the
cells. Therefore, the process of neurosecretion in vitro was studied by first
culturing brains in tubes and then at intervals fixing and staining them following
the method of DoGrA and TANDAN (1964). In these preparations, the neuro-
secretory cells and tracts remained visible because of the bright blue stained
neurosecretory granules that they contained.

The types of explants treated in this manner were those with corpora
cardiaca and allata still attached and those with these organs removed. When
the brain, corpora cardiaca, and corpora allata were removed from late-instar

Table 10. The presence of stainable material in brains stained by
the method of DOGRA and TANDAN (1964)

Preparation Days Amount of stainable material in
m vitro
median fiber corpora
neurosecretory  tracts cardiaca
cells
Brain + corpus car- 0 none none heavy
diacum +- corpus
allatum
Brain alone 10 heavy moderate
Brain + corpus car- 10 trace trace moderate
diacum + corpus
allatum

nymphs 25 days after molting and stained, the median neurosecretory cells
and associated axon tracts were almost devoid of neurosecretory material
(Fig. 66), while the fiber tracts nearest the median line of the corpora cardiaca
were filled with stainable material (Fig. 67). The corpora allata showed only
a few granules around the periphery, and these appeared to lie between the
sheath and the cells of the gland. When brains with the corpus cardiacum-
allatum complexes removed were incubated for 10 days, considerable neuro-
secretory material was found in both the median neurosecretory cells and the
axon tracts of these cells, which were sharply outlined by the blue-stained
granules (Fig. 68). In these preparations, it was apparent that the neuro-
secretory material was being elaborated by the neurosecretory cells but stored
in the fiber tracts and cell bodies since the normal storage depots had been
removed. When brains with the corpora cardiaca-allata still attached were
treated in the same manner, very little material was present in the neuro-
secretory cells and fiber tracts, and only a small quantity was found in the
corpora cardiaca (Fig. 69). The neurosecretory material that was elaborated
by the cells was apparently being moved along the fiber tracts in the corpora
cardiaca and then released into the nutrient medium. These results are sum-
marized in Table 10.
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Fig. 66. Mid-frontal area of brain of 25-day nymph prepared by the method of DoGRrA
and TANDAN (1964). Median neurosecretory cells and fiber tracts are empty of neuro-
secretory material; 0 days in vitro

Fig. 67. Corpus cardiacum-allatum complex of 25-day nymph prepared by the method
of DoGra and TANDAN (1964). Stainable neurosecretory material fills the fiber tracts
of the corpus cardiacum but is absent from the corpora allata; 0 days in vitro

6 C.T. in Microbiology, Vol. 55
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Fig. 68. After maintenance in vitro for 10 days, a brain from which the allatum-cardiacum
complex had been previously removed shows accumulation of stainable neurosecretory
material in the fiber tracts and cell bodies; 10 days in vitro

Fig. 69. Brain with corpus cardiacum-allatum attached after 10 days in vitro. The neuro-
secretory cells and fiber tracts are barely visible, and the corpus cardiacum remains
partly filled with stainable material
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Fig. 70. Brain to which the corpus allatum-cardiacum (Fig. 71) remained attached.

Damage to one of the nervi corporis cardiaci resulted in accumulation of stainable material

in one fiber tract (a) but not in the other. Associated cell bodies (b) on opposite side
(see text) also show increased accumulation of stainable material; 13 days in vitro

Fig. 71. Corpus allatum cardiacum of brain shown in Fig. 70. Note that the side with the
partially blocked fiber tract (a) contains little stainable material: in vitro 13 days

6%
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When two preparations that included the brain and corpus cardiacum-
allatum complex were incubated in vitro for 13 days, both showed considerably
more neurosecretory material in the median neurosecretory cells than did the
10-day brains. In one specimen, these cells were evenly distributed with 10 cells
visible on one side and 8 on the other. The fiber tracts within the brain were
all but empty, and the corpora cardiaca were partially filled. In the second
specimen, the median neurosecretory cells with stained granules were more
numerous and unevenly distributed with 15 on one side and 31 on the other
(Fig. 70). When the fiber tracts were examined, the tract on the side of the
brain with the fewest stained cells showed considerable accumulation of
granules, and the associated corpus cardiacum was nearly empty (Fig. 71).
On the opposite side, the fiber tracts were empty, and the associated cardiacum
was partially filled. Since the fiber tracts cross in the brain (SCHARRER, 1952),
the side with the fewest stained median neurosecretory cells is associated with
the partially filled cardiacum, and the side with the largest number of stained
cells is associated with the empty cardiacum. This fact is consistent with
previous findings and indicates that the nervous corporis cardiaci on one
side were injured during removal and caused the neurosecretory material to
back up toward the cell bodies. However, they apparently remained intact
on the other side, and the neurosecretory material passed into the corpus
cardiacum.

D. Discussion

It is apparent that all three of the major endocrine glands of Leucophaea
survive and continue to function ¢n vitro for considerable periods. It is more
difficult to determine if anything is actually being secreted by the glands.
CLark and LANGLEY (1963) attempted to link mitotic activity with secretion
in the prothoracic gland in vitro. HERMAN (1967) concluded that while mitosis
and secretory activity may be coincident in some insects, they are probably
not directly linked, and thus the presence of mitosis in a gland does not neces-
sarily indicate that it has been activated to secrete. Similar conclusions were
reached by SCHARRER (1948; 1964 a, b), who found no evidence to link secretory
activity with morphological changes in the cells.

Studies (SCHNEIDER, 1964; BURDETT et al., 1968) have indicated that the
presence of the prothoracic gland % wvitro produces well defined morpho-
genetic changes in target organs such as imaginal discs. However, the deposi-
tion of cuticle by the target tissues as a result of incubation in the presence
of the gland has not been reported. The stimulation of cuticle deposition by
ecdysone or its analogs in similar cultures has been reported by several workers
(SENGEL and MANDARON, 1909; Agul et al., 1969; MARKS and LEOPOLD, 1970).
Thus, the nature and quantity of the secretion produced by the prothoracic
gland n vitro remains in question.

Little is known about the secretory activities of the prothoracic gland
in vitro, but somewhat more is known about those of the corpus allatum.
Studies of several insects (LENDER and LAVERDURE, 1967; ITTYCHERIAH and
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STEPHANOS, 1968) indicated that vitello-genesis in cultured insect ovaries can
be induced either by adding explants of the brain, corpus cardiacum, and
corpus allatum to the culture or by adding synthetic juvenile hormone. Further-
more, ROLLER (personal communication) recovered and identified juvenile
hormone from culture medium in which corpora allata from Hyalophora
cecropia (L.) had been incubated. It is apparent that corpora allata continue
to secrete juvenile hormone in vitro at least for short periods.

The evidence that cultured brains continue to supply secretory products
rests primarily on the assumption that the neurosecretory granules found in
these cells actually represent hormone material. The present study of Leuco-
phaea and the work of GIANFELICI (1968a, b) with Calliphora show that proto-
cerebral neurosecretory material moves along the axons of the median neuro-
secretory cells into the corpus cardiacum from which it eventually disappears.
Studies using gland combinations with target tissues suggest that at least
some of the neurosecretory material actually enters the culture medium (OBER-
LANDER et al., 1965; MARKS, 1968) and activates the prothoracic glands. The
problem of relating the stainable neurosecretory material seen in cultured
brains with specific hormones has not yet been solved.

Acknowledgment. The author acknowledges the contribution to this work made
by Mr. P. I. ITTycHERIAH who stained and mounted the cockroach brain preparations.

IV. Production of Human-Mosquito Somatic Cell Hybrids
and their Response to Virus Infection

JamEes H. Conover, HELEN D. ZEPP, KURT HIRSCHHORN,
and HorAcE L. HoDEs

A. Introduction

Somatic cell hybridization techniques have given cell biologists a unique
opportunity to obtain specific information concerning cellular function and
gene expression. Intra- and inter-species hybrids have been produced by
means of biochemical selection (LITTLEFIELD, 1964), viral induction (HARRIS
and WATKINS, 1965), or a combination of these methods (MiGGiaxo et al,,
1969).

In the investigation of specific cellular traits, inter-species hybrids are
most frequently chosen because homologous traits in such hybrids can be
distinguished more easily from each other, and this possibility becomes greater
the more genetically distant are the cell sources. The potential usefulness of
species differences was recently demonstrated by the development of im-
munity against Ehrlich ascites tumor cells by the use of an experimentally
produced hamster-Ehrlich ascites hybrid cell line (WATKkINS and CHEN,1969).
As another example, GUGGENHEIM et al. (1969) have shown that chick red blood
cell—human fibroblast heterokaryons were more effectively protected against
vesicular stomatitis virus destruction by both human and chick interferons
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together than by either interferon alone. These heterokaryons were also much
less protected by human interferon than were human fibroblast without
chick nuclei.

Investigations concerning immunological factors on tumor regression and
the interaction of interferon and viral infection seem to be most advantageously
approached through hybrid cells, when the “parent” cells are more phylo-
genetically remote. Thus, an interphylum hybrid would perhaps offer a better
system for such studies than any interspecies hybrid yet available.

B. The Production of Interphylum Hybrids: Cultural Morphology
and Evidence of Hybrid Production

We have recently achieved interphylum heterokaryon and hybrid formation
from human (Hela, clone 5 of S3; LEIDY et al., 1959} and mosquito (Aedes
aegypti L.; SUITOR et al., 1966a) cell lines using UV-inactivated Sendai virus
as the fusion-inducing agent.

HeLa cells were maintained in monolayer culture at 37° C in Eagle’s Minimum
Essential Medium (MEM) (LockarT and EAGLE, 1959), supplemented with 10%
fetal bovine serum (FBS) and antibiotics (100 units/ml penicillin, 100 pug/ml strepto-
mycin). The mosquito cell line was propagated in suspension culture at 26-28° C in
GRACE’s (1966) Insect Tissue Culture (GITC) medium, supplemented with 10% FBS
and antibiotics (Grand Island Biological Co.). In selecting a common culture en-
vironment for the eventual co-cultivation of these cell types, parameters of nutritional
requirements and temperature were primarily investigated. The insect culture is
characterized predominantly by its sucrose content whereas mammalian nutrient
media contain hexoses. The human cell line exhibited a moderate to slow growth when
cultivated in GITC medium at 37° C. However, little or no growth was obtained
when HelLa cells were incubated at 26-28° C in this medium. The mosquito cells
could not be maintained in MEM at any of the three temperatures. When equal parts
of complete MEM and GITC media were mixed (EPM), mosquito cells displayed
moderate growth at 26-28° C and HelLa cells grew at 37° C.

Sendai virus, obtained from Microbiological Associates, was UV-inactivated and
the hemagglutinating titer determined by standard techniques (Davis et al., 1968).
Infectivity titers before and after inactivation were assayed in WI-38 cells.

Fusion of cells was produced in the following manner: Hela cells were pre-
incubated with 2 uC/ml of tritiated thymidine (H3T, 1.9 C/mM) for 24 hrs before
use, which resulted in the uniform labeling of the HeLa cell nuclei. UV-inactivated
Sendai virus in various titers was added to mixtures of mosquito and labeled or un-
labeled Hel.a cells. Confluent monolayers of Hela cells were prepared in 30 ml
Falcon flasks. Mosquito cells were cultured in the same type of flask and averaged
4 x10° cells per flask. The HeLa cultures were trypsinized (0.25% trypsin solution,
Grand Island Biological Co.) and centrifuged at 250 X g, and the pellet was resus-
pended in a volume of virus containing the required number of hemagglutinating
units. After thorough mixing, the suspension was used to resuspend a mosquito cell
pellet of approximately equal volume to the HeLa cell pellet. These pellets were
obtained from 2 flasks of HeLa cells and 6-8 flasks of mosquito cells. The mixtures
were placed in a 4° C water bath on an automatic shaker and shaken at low speed
for 20 min. and then shaken for 60 min. at 37° C. Direct cell smears of virus-treated
and untreated (control) cell suspensions were made immediately after shaking at
37° C and cells from H3T treated cultures were coated with Kodak stripping film for
subsequent autoradiographic detection of nuclear H3T in the fusion products.
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Autoradiography of direct smears made immediately after viral treatment
and shaking provided conclusive evidence of human-mosquito heterokaryon
formation (Iigs. 72a and b). Heterokaryons were detected only in the Sendai-
treated cell suspensions. Evidence of heterokaryon formation was also obtained
directly without the use of H3T, since the nuclei of both “ parents’ are morpho-
logically distinguishable. The mosquito cell line is composed of morphologically
different cell types, the most predominant being a crescent-shaped cell with
very scanty cytoplasm. At either end of these cells are several filamentous
processes, which are probably of cytoplasmic origin, and it appears that these
processes are the focal point for the virus-mediated cell to cell interaction with
the Hel.a cells. Initially, in the virus-treated cell mixtures, the mosquito cells
appeared to attach to the Hela plasmalemma by the filamentous processes
(Fig. 72c). A second step in the fusion process seemed to involve the apposition
of the concave surface of the crescent-shaped mosquito cell to the surface of
the round Hel.a cell. The last step appears to be the breaking down of inter-
cellular barriers, producing a heterokaryon state.

Each of the Sendai-treated cell suspensions was divided into two equal
parts, which were then diluted 25:1 with the appropriate culture medium.
Half of each suspension was diluted with MEM for culture at 26°, 32°, and 37°C,
and the other half was diluted with EPM for culture at the same three tem-
peratures. Since plating efficiency and growth characteristics proved in-
adequate at 26° and 32°, these temperatures were abandoned. Although cells
formed monolayers within one day at 37°C, an additional 3-4 days were
required before sufficient cells existed to warrant subculture in either type of
culture medium. In general, cells grown in EPM appeared more irregular than
those grown in MEM. The gross cellular morphology in each medium, however,
readily distinguished the hybrid cells from their “parents”. Ten passages of
the mixed (hybrid cells + residual Hel.a cells) cell populations have been
made and the differences in morphology between the MEM and EPM replicate
cultures have become more pronounced with each passage.

The line of Hel.a cells used is characterized by a range of 40 to 46 meta-
centric and 5 to 10 acrocentric chromosomes. The Aedes aegypis cell line, said
to be 32n (n=3) (GRACE, 1966), was characterized by approximately 96
““micro-chromosomes”’. Using an improved method of chromosome preparation
it was found that the cells possess about 130 micro-chromosomes (Fig. 73 b).
Most of the mosquito chromosomes give the appearance of having a long and
a short arm, connected by a thin chromatin strand (detailed description:
AKXSTEIN, 1962). Evidence of interphylum hybridization was obtained from
chromosome analysis of 36-40 hrs first passage cultures. In Fig. 73a the
presence of both human and mosquito chromosomes, which apparently share
the same spindle apparatus, is seen. However, incomplete parental comple-
ments were consistently observed. In fact, in no instance were complete
summation complements found.

Chromosomal analysis of the initially fused cells obtained by adding a
mitotic arrester (Velban, Eli Lilly Co.) to one of the replicate primary cultures
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72a and b

at a time immediately following fusion, revealed the presence of both parental
types of chromosome. Subsequent chromosomal analysis at each passage also
showed both parental chromosome types present within single cells grown in
both types of medium. In general, chromosomal analysis at each passage
always demonstrated a predominance of human chromosomes, with progres-
sively smaller numbers of insect chromosomes. Also, the number of obvious
human-insect hybrids which could be chromosomally identified were much
less predominant in the MEM cultures than in the EPM cultures, particularly



Production of Human-Mosquito Somatic Cell Hybrids 89

Fig. 72. a Human-mosquito heterokaryon—the elon-
gated, crescent-shaped nucleus is characteristic of
a mosquito cell. Arrow denotes hybrid cell. b The
same field after autoradiography. Note that only the
HeLa nucleus is labeled (arrow). ¢ One of the stages
in the cell fusion process, showing apparent attach-
ment of crescent-shaped mosquito cell to HelLa plas-
malemma via elongated filamentous process. Note
that the round Hela cell is labeled with H3T, but
not the mosquito cell

72¢

Table 11. Effect of virus concentration on the character of the

heterokaryon produced
Counts made on autoradio- Concentration of virus used after
graphs of direct smears ultraviolet inactivation

after viral treatment
640 HAU2 1600 HAU 3200 HAU 4800 HAU

Percent of cells showing 10 25 25 —
heterokaryon formation
Percent of binucleate cells 50 55 56 syncytia

containing one HeLa and
one insect nucleus

Percent of multinucleate 15 16 24 syncytia
cells which were not
heterokaryons

Percent of multinucleate 35 29 20 syncytia
cells which were
heterokaryons

2 HAU = hemagglutinating units.

after the second passage. This trend may be attributed to the selective factors
operating in the different culture media. Since Aedes aegypti cells do not
survive at 37° C or in MEM, the hybrids surviving in MEM must be able to
withstand nutrient and thermal selection against them. In addition, residual
HeLa cells in MEM tended to overgrow the existing hybrid cells. HeLa cells
grow optimally in 37°C in MEM, but are only barely sustained in GITC
medium at the same temperature. This is due to the fact that the GITC
medium contains sucrose as its primary carbohydrate source—a sugar that
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b

Fig. 73. a Chromosome preparation of human-mosquito hybrid cell from a 36—40 hrs first
passage culture. Typical mosquito chromosomes are denoted by arrows. b Chromosome
preparation of cell line Aedes aegypti (L.) which displays approximately 130 micro-
chromosomes. Chromosomes indicated by arrows resemble the insect chromosomes in (a)
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cannot be metabolized by human cells because they lack the enzyme sucrase.
Therefore, the hybrid cells may be selected because of the presence of GITC
in EPM.

Heterokaryon formations were consistently obtained when the amount
of virus used contained 1600, 3200, or 4800 hemagglutinating units (HAU).
Table 11 shows the effect of virus concentration on the character of the hetero-
karyons produced. Note that the lower three doses seem equally effective, but
that 4800 HAU elicited the formation of syncytia. The lower 640 HAU dose,
in addition, showed less than a 10 % incidence of heterokaryon formation, as
compared with 25 % for the 1600 and 3200 HAU doses. An occasional hetero-
karyon was obtained when lesser amounts of the virus were used.

C. Virus Infection of Interphylum Hybrids

Experiments were designed to determine whether the hybrid cells would
provide a system for investigation of virus growth and interferon activity.
The Mahoney strain of type 1 polio virus was used as the challenging virus.
This virus had a titer of 10”% ID,,/ml and each of the hybrids, either in MEM
or EPM, was challenged with 0.1 ml of 10~% dilution of the virus. As a control,
a HeLa cell culture grown in MEM received the same amount of virus. The
control Hel a cells were destroyed completely on the third post-inoculum day,
whereas the hybrids were not destroyed until day 10. Table 12 shows that the
Hel.a cell controls consistently produced more virus than did the hybrid. It is
possible that the higher titers obtained from the HeLa cells reflected a difference
in the number of Hel.a cells present in each preparation. Alternatively, the
hybrid cells may have been more resistant to virus infection, resulting in
longer survival and lower titers.

To determine whether the hybrid cultures produced an interfering agent,
an experiment was done as outlined in Table 13. The supernatant media, in
which virus had been demonstrated, were heated at 56° C for 75 min. to
destroy the infectivity of the virus. None of these fluids showed infectivity
or toxicity for Hela cells. These virus-inactivated supernatant fluids were
each allowed to adsorb on six tubes of HeLa cells (after first decanting the
culture medium) for 3—4 hrs at 37° C. The fluids were then removed, fresh
culture medium added and three of each of the six replicates were challenged
with 0.1 ml of a 10~® or 10-¢ dilution of polio virus. Table 13 shows that the
heated supernatant fluids protected the Hel.a cells against subsequent chal-
lenges with polio virus. The protection produced by media from hybrid culture
was more effective than that provided by medium from Hel.a cells alone.
In fact, the hybrid media provided full protection even if obtained as early
as the third day of culture while HeLa medium did this only after 8 days of
culture. The interfering agent produced by the hybrid cells has not been
characterized.

Investigations of the viral effects on the cultures and the characterization
of the nature of the interfering agent are in progress. Pure clones of the human-
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Table 12. Titer of polio virus in the fluid supernatants of HelLa
and hybrid cells

Day after Hel.ab Hybrid Hybrid
inoculation2 (MEM)b (EPM)D
3 6.6 5.5 4.7
6 6.6 4.0 2.36
8 7.0 — —
10 — 3.3 1.5

a With 0.1 ml of a 10~ dilution of the virus.
b Tog,, titers of the virus as assayed in replicate HeLa tubes.

Table 13. Protection of HelLa cells by interfering factors in culture media®

Dilution Pretreatment of cells with heat-inactivated medium from

of virus
no Hela MEM EPM
frr:;t_ day3 day6 day8 day3 day6 day10 day3 day6 day10
ment
107 2/32 3/3 2/3 0/3 0/3 0/3 03 0/3 0/3 0/3
107 3/3 3/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3
No virus ~ — 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3

2 No. HelLa tubes showing cytopathic effect/No. HeLa tubes tested.

mosquito cells would be useful for several types of virus studies, particularly
those involving insect-borne viruses affecting humans. The experiments imply
that the protective effect (interferon?) is not due simply to contamination of
the hybrid cultures by HeLa cells. This finding justifies the belief that the
longer survival and lower viral titers in hybrid cultures as compared to Hel.a
cells alone are due to greater resistance to polio infection of the hybrid cells.

Acknowledgment. Thiswork wassupportedin part by NIH Grant Nos.5-R01A107131
and HD-02552.

V. The Uptake of Free and Serum-Bound Sterols
by Insect Cells in Vitro

J. L. Vaugnn, S. J. LouLoupes, and K. DOUGHERTY

A. Introduction

The importance of sterols in insect nutrition has been accepted for some
time, and all synthetic diets for insects contain one or more sources of these
compounds (SMITH, 1966). The sterols are necessary because, unlike other
animals, insects are incapable of synthesizing them from simpler, precursor
compounds (CLARK and BLocCK, 1959). It therefore seems likely that insect
cells grown in culture also cannot synthesize these vital materials. STANLEY
and VAUGHN (1967) considered a marked sensitivity of insect cells to the anti-
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fungal agent amphotericin B circumstantial evidence that the cells were
dependent on exogenous cholesterol because amphotericin B apparently binds
the sterols of the cell membrane and thus alters the physical structure of the
membrane (LAMPEN et al., 1965). If the cells had been capable of synthesizing
cholesterol the removal of exogenous sterol could have been overcome.

Despite the evidence for the importance of the sterols in insect nutrition,
they have received almost no consideration in the development of media for
the culture of insect cells. Cholesterol has been added to one medium by
GRACE (1958) but he reported that it had no effect on cell growth or survival.
In the medium used by HirumI and MARAMOROSCH (1964 a) for the culture of
leafhopper tissue, cholesterol was present in trace amounts as a result of the
incorporation of Medium 199 in their formula. Most other minimal insect
media contain no cholesterol, and no studies of the utilization of sterols by
insect cells n vitro have been made.

In contrast, the use of sterols by vertebrate cells has received considerable
study. This work has been extensively reviewed by BAILEY (1967) and by
ROTHBLAT et al. (1967), and only a brief review will be given here. The source
of the sterols in most of the media used for culturing vertebrate cells has been
the serum added as a medium supplement. BAILEY (1961) demonstrated that
the amount of cholesterol incorporated into cells was related to the cell type
and to the source of this serum. For example, cells grown in rabbit serum
had a higher cholesterol content than cells grown in adult human serum even
though the cholesterol content of the rabbit serum was much less than that
of human serum.

Cholesterol is also present in serum as cholesteryl esters that are taken
into the cells and hydrolyzed by cellular esterases to free cholesterol (BAILEY,
1967). The amount of esters hydrolyzed varies with the cell type, but generally
the uptake of the esters was at a rate considerably lower than that for free
cholesterol. If the hydrolyzed esters released more cellular cholesterol than
required by the cell, the excess was excreted into the medium (RoTHBLAT and
KRITCHEVSKY, 1968).

When relatively small amounts of free cholesterol (non-protein bound) was
added to the medium, large increases in cell cholesterol resulted (BAILEY, 1961).
Thus, when both serum cholesterol and free cholesterol were present, the free
cholesterol was taken up preferentially, but not to the exclusion of serum
cholesterol.

In addition, RoTHBLAT and KRITCHEVSKY (1908) reported that the uptake
of cholesterol was influenced by factors other than the concentration and the
form present in the medium. For example, the presence of various phospho-
lipids markedly reduced the uptake of cholesterol by mouse lymphoblasts.
The efficiency of inhibition varied with the phospholipid tested, sphingomyelin
was the most efficient followed by lecithin, phosphatidyl ethanolamine, and
phosphatidyl serine.

Thus, the use of cholesterol by vertebrate cells n vitro appears to be a
complex but well regulated system. This complex system occurs in cells which
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if deprived of an exogenous source of sterols are perfectly able to synthesize
all that they require. Since insect cell lines were derived from animals without
the capability for sterol synthesis they must either have acquired this ability
as a result of mutation or they must depend entirely upon the serum-bound
cholesterol. Because of our general interest in improving the media for the
culture of insect cells and because of our specific interest in the metabolism
of sterols by insects, we undertook a study of the utilization of sterols by
insects in vitro.

B. Sterol Uptake by Insect Cells

1. Sterol Content of the Medium

The minimal medium used was that formulated by GRACE (1962) for his line of
Antheraea cells and contained no sterols. It was assumed that the cell requirements
for sterols had to be filled by the sterols present in the serum supplements. The

Table 14. Level of sterols present in serum supplements

Supplement Sterol content  ml supplement Sterol level in
(ng/ml) to 100 ml complete medium
minimal medium  (pg/ml)
Fetal bovine serum 305 7 17.7
Bovine serum albumin  30.6 10 2.5
{35 % aqueous)
Egg ultrafiltrate 0 3 0
Total 20.2

sterol content of each supplement was therefore analyzed separately as follows: The
lipids were extracted from each serum with 10 ml of a 3 : 2 mixture of chloroform-
methanol (acidified with 0.5% acetic acid, v/v methanol) for each 1 ml of serum.
The extracts were then analyzed for sterols on a Barber-Coleman Gas-Liquid
Chromatograph! (GLC) using three phases, SE-30, QF-1, and NGS (VANDEN HEUVEL
et al,, 1961). Quantitation was accomplished on the GLC by comparison with known
samples of cholesterol.

The results are shown in Table 14. The principal source of sterol in the
medium was the fetal bovine serum; some sterol was found in the bovine
serum albumin, but none was found in the whole egg ultrafiltrate. From these
data it was calculated that the tissue culture medium contained 20.2 pg/ml
of sterol. The level of serum cholesterol (305 ug/ml or 30.5 mg- %) in fetal calf
serum was unusually low compared with other animal sera. BAILEY (1961)
reported that human adult serum contained 218.7 4-49.6 mg- %, human cord
serum 97.4 4-35.7 mg- %, and adult rabbit serum 85.8 4-29.5 mg- %.

1 Mention of a proprietary item in this paper does not constitute an endorsement
of this product by the U.S. Department of Agriculture.
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2. Uptake of Serum Sterols by Insect Cells.

The cell line used for the study of serum uptake was the RML-10 strain of the
GRACE Antheraea line, adapted to grow in hemolymph-free medium (YUNKER et al,,
1967). The complete medium consisted of 100 parts of GRACE minimal medium,
7 parts fetal bovine serum, 10 parts whole egg ultrafiltrate and 3 parts 35 % aqueous
solution of bovine serum albumin. The cultures were grown in Falcon plastic tissue
culture flasks. In each experiment, twelve 18 ml cultures were seeded with 100,000 cells/
ml and incubated at 26° C for 8 days. The contents of six flasks were pooled to give
two replicate samples, and the cell number was determined by counting the cells
with a Coulter Counter, Model B. There was an average 10-fold increase in cell
number after 8 days.

To assay for sterols, the cells were removed from the growth medium by cen-
trifugation and washed in minimal medium. After the last centrifugation, the cells
were resuspended in 1 ml of distilled water, 2 ml methanol was added, and any
remaining whole cells were broken up in a Potter-Elvehjem tissue grinder. The cell

Table 15. Uptake of serum sterols during growth of RML-10 cells

Fraction Sterol recovered (ug)

0 days % 8 days %
Medium 1912.00 99.5 93.1 52.7
Cells 7.84 0.5 83.3 47.3
Total 1919.84 100 176.42 100

& Represents 9.1 % of sterol present in medium at 0 days.

debris was removed by centrifugation, and the supernatant was analyzed for sterol
content on the GLC. The cell-free spent medium was also analyzed for the remaining
sterols on the GLC.

The results are shown in Table 15, along with the results of the assay of
unused medium and cells equivalent in number to the original inoculum. The
cells incorporated an average of only 4.39% of the medium sterols during
growth but only 12.45 % of original sterols could be recovered from the medium
leaving 83.16 % unaccountable. The data in Table 15 show an apparent in-
crease in the level of sterol per cell after growth. However, the range of the
measurements of the cell inoculum was 0.2 to 0.8 ug/108 cells, which approaches
the level of sterol per cell found after multiplication. Therefore the increase
may not be real.

3. Uptake of 4-*C-Labeled Cholesterol

To follow the sterol metabolism more closely and to determine what
happened to the missing serum sterols, we studied the fate of 4C-cholesterol
in our cultures.

Because of the difficulty of incorporating the water insoluble cholesterol into
the medium in a biologically active form the following technique was used: 4-14C-

cholesterol, obtained from New England Nuclear and purified on a Unisil column
(DUTKY et al., 1963) to a purity of 99.9% with a specific activity of 288,348 cpm/ug
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was used. The desired amount of cholesterol was dissolved in a small amount of
benzene and coated onto the inside of a test tube. The benzene was evaporated off
with nitrogen, and the coated test tube was autoclaved to sterilize the cholesterol.
When the tube had cooled, a small amount (1-5 ml) of fetal bovine serum was added
to the tube and shaken for 5 to 10 min. on a wrist action shaker. The serum was then
transferred to the medium, and the tube was rinsed 2 or 3 times with small amounts
of medium. The amount of cholesterol actually transferred to the medium was
determined by assaying the radioactivity recovered from the test tube by benzene
extraction on a Tri Carb Liquid Scintillation Counter, Model 578 (Packard Instrument
Co.). The scintillation solvent was 12.0 g of 2,5-diphenyl-oxazole and 200 mg 1,4~
bis (4-methyl-5-phenyl-2-oxazolyl) benzene in 3 liters of toluene. All samples were
counted for a sufficient time to give standard errors of less than -+£5%. When
applicable, the counting rates were corrected for self-quenching.

This method generally results in the successful transfer to the medium of 75%
or better of the labeled cholesterol, but has several drawbacks (ROTHBLAT and
KRITCHEVSKY, 1968), since it may lead to a nonproportionate distribution of the

Table 16. Uptake of 11C-cholesterol during growth of RML-10 cells

Component assayed Radioactivity Cholesterol recovered Percent of total
(cpm/ml) (ng/ml) cholesterol
recovered
Control®:
Medium 58,002 0.2014 100
Test culture after 8 days:
Medium 46,768 0.1622 83.3
Cells 9,394 0.0325 16.7
0.1947 100

2 The control was medium only incubated under the same conditions as the test
culture.

sterol among the serum proteins. If this happens and the cells use one of the serum
fractions preferentially, the uptake of labeled sterol is affected. These factors must
be kept in mind when interpreting the data obtained by this technique.

The results of one such experiment are shown in Table 16. The amount of
labeled cholesterol added was 1/100 (g5 ug/ml) of the amount of serumbound
sterol estimated to be in the complete medium (Table 14), and with the assay
procedures used, slightly more than 90 % of the 14C-cholesterol was accountable,
The ratio of labeled cholesterol to unlabeled cholesterol (Table 15) in the cells
was 1: 25 (yeer ug) indicating a preferential uptake of the added cholesterol.
To more accurately identify the location of the label the chloroform-methanol
extract was fractionated on a Unisil column (DUTKY et al., 1963) to separate
cholesterol from its esters and/or its derivatives. The activity of each of these
fractions was then determined on the scintillation counter. The results showed
that 6.5 % of the label was still in the cholesterol and the remainder was in
fractions containing more polar compounds. Of the label remaining in the
medium, only 12.5 % was in cholesterol. Thus, only 10% of the recovered
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UC-cholesterol was found in the cells. These findings indicate that considerable
alteration of the cholesterol molecule had occurred. The nature of the alteration
is currently under study.

C. Discussion

The studies show that insect tissue culture media do contain some sources
of sterols which are used by the cells. However, when additional cholesterol
was present in the medium as #n vitre serum-bound sterol this cholesterol was
preferentially taken up by the cells. In view of BAILEY’s (1961) findings, this
may indicate that not all of our cholesterol was bound to serum. We have
not as yet demonstrated that the cells cannot synthesize sufficient sterols to
meet their needs, but we feel that we have shown that sterol metabolism in
insect cells ¢» vitro is as complex and as interesting as that already described
for vertebrate cells.

VI. Comparative Lipid Analysis of Aedes aeg ypti
and Monkey Kidney Cells (MK-2) Cultivated in Vitro

HowaArDp JENKIN, DEWAYNE TOWNSEND, SHIGERU MAKINO,
and Tze-KEN YANG

A. Introduction

Lipid composition of several types of mammalian cells has been reported,
such as that of the mouse “L’" cell (ANDERSON et al., 1969; BAILEY and
MENTER, 1967) and the monkey kidney cell (MK-2) (MAkKINO et al., 1970),
but the arthropods (BARROSO et al., 1969; AGARWAL and Rao, 1969; Fasr,
1966) or the established insect cell lines have not been fully analyzed. Ar-
thropods have been reported as having an active lipid metabolism and appear
to depend on fatty acids rather than carbohydrates as a main energy source
(O’BrieN and WOLFE, 1964). However, arthropods do require a source of
dietary sterols since they are unable to synthesize the sterol ring from acetate
or mevalonate, but are capable of converting sterol to cholesterol (O’BRIEN
and WOLFE, 1964).

The purpose of this study was to determine the lipid composition of Aedes
aegypti cells and to compare their lipids to those of monkey kidney MK-2 cells
(MaKkiINo et al., 1970). Both cell types were cultivated ix vitro in defined media
supplemented with calf serum. The calf serum was the sole source of lipid for
both types of cells; therefore, the lipids of calf serum were analyzed as a
control and were compared with the lipids of Aedes aegypti and MK-2 cells.

B. Methods

Cloned cells of Aedes aegyptt (SUITOR et al., 1966a) were cultivated in 250 ml
Bellco spinner flasks containing 100 ml of GRACE’s medium (GRACE, 1962) supple-
mented with 10% fetal calf serum. The cells were grown for 10 days at 28° C, washed
5 times in Hanks’ balanced salt solution (HaNks and WALLACE, 1949) and once in

7 C.T. in Microbiology, Vol. 55



98 H. JenkiN, D. TowNsEND, S. MAkINO, and T.-K. YANG

distilled water. In each of two experiments the cells were pooled from 34 spinner
flasks.

Monkeys kidney cells (MK-2) (HULL et al., 1962) were cultivated in monolayers
using 32 oz prescription bottles containing 35 ml of minimum essential medium
(EAGLE, 1959) supplemented with 5% fetal calf serum. MK-2 cells were prepared
from 200 bottles.

The lipid methodology employed in this study has been reported by MakiNo
et al. (1970).

The methyl esters were analyzed in a Victoreen Model 4000 gas chromatograph
(Cleveland, Ohio) using a 10 ft column containing 15% ethylene glycol succinate
plus 2% phosphoric acid on Gas Chrom P, 80-100 mesh, with a flame ionization
detector. The methyl esters were separated isothermally at 180° C. Weights of lipids
were determined with the aid of an electronic Cahn balance, Model G (Paramount,
California). All results were reported as the average of three determinations and have
a variation of less than 5% from the mean.

C. Results

The lipid content of the two types of cells and calf serum are presented in
Table 17. Aedes aegypts had a high lipid content (44 %) compared to that of
MK-2 cells (15 %) and of calf serum (4.5 %). Glycolipid could be detected only
in MK-2 cells {Table 17). The observations from thin-layer chromatography
suggested that the glycolipids contain a glycerol backbone rather than a
sphingosine base usually found in mammalian glycolipids (MARTENSSON, 1970).
Characterization of these glycolipids are in progress. The Aedes aegypti cells
had a neutral lipid to phospholipid ratio of 1 : 1 which was similar to that of
calf serum, but quite different from that of MK-2 cells (1 : 3).

Fatty acids of the total lipids of Aedes aegypts, MK-2 cells and calf serum
are shown in Table 18. The fatty acid composition of the total lipid of Aedes
aegypti showed a high percentage of monoenes (61 %) and a low percentage
of dienes (2%) when compared to MK-2 cells (37% and 15 %, respectively)
or calf serum (16 % and 43 %, respectively).

The high amount of linoleic acid (18: 2, 42.9 %) in the total lipid of calf
serum (Table 18) was associated with the sterol esters. The sterol esters of
calf serum contained 70 % 18 : 2 fatty acid (MAKINO et al., 1970). Aedes aegypti
cells had a high content of free fatty acids (Table 19). Differences were found in
the distribution of the neutral lipids (Table 19) and in the composition of the
constituent fatty acids of the total neutral lipids (Table 20) from Aedes aegypti,
MK-2 cells and calf serum. The calf serum differed from Aedes aegypti and
MK-2 cells in the percentage of triglyceride, sterol esters and sterols.

Table 20 shows the fatty acid composition of the total neutral lipids from
Aedes aegypti, MK-2 cells and calf serum. The fatty acid composition of the
total neutral lipids and the total lipids were similar for each of the samples.
The percentage of arachidonic acid (20: 4) in the total neutral lipid of Aedes
aegypti (Table 20) was higher than in the total lipid (Table 18) in contrast to
MK-2 cells and calf serum both of which contain nearly the same percentage
of 20: 4 fatty acid. Aedes aegypti characteristically contained a larger number
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cells (MK-2) and calf serum
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Lipids Aedes aegypti  MK-2 Calf serum
Total lipids (mg) 90.8 76.3 170.3
Total lipids (% of dry weight) 44.0 14.8 4.5
Neutral lipids (% of total lipids) 49.3 241 52.5
Phospholipids (% of total lipids) 50.7 68.2 47.5
Glycolipids (% of total lipids) 0.0 7.7 0.0

Table 18. Constituent fatty acids from the total lipids

Fatty acid  Aedes aegypti MK-2 cells Calf serum
cells

14:03 0.1P 1.2 0.5

15:0 tr 11

16:0 4.7 15.3 125

16:1 135 6.3 2.0

18:0 10.9 17.2 14.0

18:1 48.0 30.6 13.8

18:2 2.1 14.6 42.9

18:3 1.5 1.7

20:0 2.2 tr 11

20:3 1.3

20:4 6.7 11.0 9.6

22:0 3.7

22:3 1.4 0.4

22:5 2.6 0.6

22:6 5.3

@ Number of carbon atoms in acid:number of double bonds.
b Percentage of fatty acid. Italicized numbers emphasize the differences in
composition of the fatty acids.

Table 19. Distribution of neutral lipids

Neutral lipid
classes

Percentage of neutral lipid

Aedes MK-2 cells  Calf

aegypti serum

cells
Monoglycerides 13.6a 4.9 6.6
Diglycerides 3.2 5.4 4.4
Steroids 24 59.5 16.8
Free fatty acids 49.5 4.2 8.6
Triglycerides 20.5 19.2 4.6
Sterol esters 11.3 101 56.7

2 Ttalicized numbers emphasize the differences in the distribution of the neutral

lipids.

7*
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of C,, fatty acids (10%) whereas the MK-2 cells contained C,, fatty acids
(5 %) in the neutral lipid fraction (Table 20).

The phospholipid composition of Aedes aegypti and MK-2 cells (Table 21)
was similar in most respects; however, there were two major differences.
Aedes aegypti contained lysophosphatidylcholine not found in MK-2 cells and
MK-2 cells contained phosphatidylserine, cardiolipin, and a glycolipid not
found in Aedes aegypti. The second major difference between the cells was the

Table 20. Constituent fatty acids of the total neutral lipids

Fatty acid  Aedes aegypti MK-2 cells Calf serum

cells
14:02 1.9b 1.0
16:0 5.6 17.6 11.2
16:1 12.2 5.9 2.4
17:0 1.0 1.7
17:1 1.5
18:0 9.0 14.8 6.5
18:1 45.6 26.2 13.0
18:2 1.9 84 3.8
18:3 1.7 0.6
20:0 2.4 0.8 1.3
20:1 3.1
20:3 2.5 1.2
20:4 7.3 9.7 6.3
22:0 0.5 1.5
22:2 3.4
22:3 1.2 1.0
22:5 2.8
22:6 4.2
24:0 1.0 1.4
24:1 1.6
24:3 24

@ Number of carbon atoms in acid:number of double bonds.
b Percentage of fatty acid. Italicized numbers emphasize differences in com-
position of the fatty acids.

presence of plasmalogen in the phospholipids of MK-2 cells, but plasmalogens
could not be found in Aedes aegypti (TOWNSEND, unpublished data).

The fatty acid profile of the phospholipid fraction of Aedes aegypti, MK-2
and calf serum (Table 22) werc similar to that found in the total lipid except
the lower percentage of 18 2 fatty acid found in the calf serum phospholipids.
The difference in the relative concentration of 18:2 fatty acid could be
attributed to the high percentage of 18: 2 acids found in the sterol esters of
calf serum. A high percentage of monoenes was found in the phospholipid
fraction of Aedes acgypti. A larger amount of 16: 0 and 18: 2 fatty acids was
found in MK-2 cells and calf serum compared to Aedes aegypti.
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Table 21. Distribution of phospholipids

Phospholipid classes Percentage of total phospholipid
Aedes aegypti MK-2 cells Calf serum
cells
Lysophosphatidylcholine 7.7 0.0 8.2
Sphingomyelin 15.2 214 26.5
Phosphatidylcholine 42.0 36.1 57.9
Phosphatidylserine 0.0 2.6 0.0
Phosphatidylinositol 4.0 7.2 tr
Phosphatidylethanolamine 31.1 24.9 4.7
Phosphatidylglycerol 0.0 0.0 2.6
Cardiolipin 0.0 7.9 0.0

a Jtalicized numbers emphasize the differences in distribution of phospholipids.

Table 22. The constituent fatty acids of total phospholipids

Fatty acid ~ Aedes aegypti MK-2 cells Calf serum

cells
14:02 1.3b
16:0 4.8 16.6 16.6
16:1 21.0 4.5 1.0
17:0 1.2 1.0
18:0 20.3 17.7 26.4
18:1 33.1 28.5 15.56
18:2 2.4 14.2 14.1
18:3 2.2 1.0
20:0 2.3 0.5
20:1 11.9
20:4 3.0 9.3 8.6
22:0 0.9 1.4 4.9
22:1 1.0
22:2 1.8
22:3 2.2 2.2
22:5 1.4 0.8
22:6 1.5 0.8

@ Number of carbon atoms in acid: number of double bonds.
b Percentage of fatty acids. Italicized numbers emphasize the differences in
composition of the fatty acids.

D. Discussion

The comparison of the lipid composition of Aedes aegypti and MK-2 cells
has revealed that cells grown in similar media can have very different lipid
profiles. While this result was to be expected in view of the phylogenetic
differences in the cells and the differences in temperature of cultivation, the
types of lipids in the medium were expected to be reflected in the lipid com-
position of the cells. The lipids of calf serum are the sole source of exogenous
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lipids for both cell types, yet very few similarities were found in the lipid
composition between either cell type or the cells and calf serum. The results
of these data suggest that very little, if any, intact ester lipid from the medium
are incorporated into both types of cells. Most likely the cells may have very
active lipases to catabolize complex lipids of the serum. The analyses of the
individual calf serum lipids show that it is not selective absorption or selective
hydrolysis of a specific lipid class that supplies the fatty acids for the MK-2
cells (MAKINO et al., 1970).

The results of this investigation are in agreement with the hypothesis in
the report by O’BrIEN and WOLFE (1964). The high percentage of free fatty
acid in Aedes aegypti cells (Table 19) support the suggestion that arthropods
have a high fatty acid requirement. The low concentration of free sterol in
the Aedes aegypti (Table 19) probably reflects the inability of arthropods to
synthesize the sterol ring. These results also suggest that sterol ester hydro-
lysis is minimal.

The importance of phospholipids in membrane structure is well documented
(VANDENHEUVEL, 1965; BENSON, 1966; GREEN and TzAGOLOFF, 1966). The
occurrence of plasmalogens which are usually found in membranes warrants
their further study in arbovirus infected cells. MK-2 cells are destroyed during
infection with cell lysis, but Aedes aegypti cells can maintain a chronic infection.
This observation may be related to the absence of plasmalogens in Aedes
aegypti but their presence in MK-2 cells.
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VII. Studies Attempting to Elucidate the iz Vivo
Function(s) of Grace’s Antheraca eucalypti Cell Strains

Joan F. WHITE

Diapause ovarioles of giant silkmoth pupae contain cells that continuously
multiply ¢n vifro in GRACE’s lines and clones (GRACE, 1962; 1968). Histo-
chemical evidence for the thesis that the continuously multiplying cells
originate from a so-called intermediate layer is based mainly on the presence
of periodic acid Schiff reaction positive (PAS+) and paraldehyde-fuchsin
reaction positive (PAF +) granules found in the migrating cells in primary
culture (WHITE, 1965 ; WHITE and LARSEN, 1966). Such granules are not found
consistently in other diapause ovariole cell types in the intact silkmoth ovary.
TRAGER (1935), JonES and CUNNINGHAM (1961), MARTIGNONI (1963), KRAUSE
et al. (1966) and STANLEY and VAUGHN (1968) have also reported different
types of evidence for the intermediate layer being the source of migrating
cells in cultures of both pupal and late larval silkworm ovaries.
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As previously described for Samia cynthia and substantiated for Hyalophora
cecropia and Antheraea eucalypti (WHITE and LARSEN, 1966; SASTRODIHARD]O,
1965, 1967; WHITE, 1969) the diapause ovariole is a tubule invested by a
sheath of relatively non-differentiated cells arranged in circular layers between
two basal lamina. Beneath the inner basal lamina is a space containing loose,
round to amorphous cells arranged irregularly and enclosed centrally by a
thick basal lamina surrounding the follicular cells of the developing oocyte.
These loose cells form the intermediate layer, and it is the purpose of this
paper to present evidence that will suggest that they may perform a variety
of functions iz vivo, particularly during metamorphosis.

Some histochemical evidence has already been given relating to possible
functions of the intermediate cells in Samia cynthia (WHITE, 1969), and here
we will reinforce that evidence with further studies of the histochemical and
ultrastructural nature of the intermediate cells of 4. eucalypti ovarioles in vivo
and of the A. eucalypti cell lines in vitro. The presence and changing distribution
of PAS+ granules in the intermediate cells during metamorphosis strongly
suggested that lysosomes played a primary role during this developmental
process. The granules take up neutral red both ¢» vivo and in vitro, and they
contain acid phosphatase in primary culture in vifro. These are all criteria
used in defining lysosomes (DE DUVE and WATTIAUX, 1966; GAHAN, 1967;
STRAUS, 1967; LANE, 1968), and indeed, when we look at the intermediate
cells at the ultrastructural level, we see the typical fine structure of the
lysosome, a vesicle limited by a unit membrane and containing electron
opaque inclusions.

The histochemistry, size and ultrastructure of these granules also change
during the metamorphosis of the moth, and this suggests that during adult
development lysosomes perform a variety of functions. In the diapause
intermediate cell, only a few pale PAS 4 granules are found; as development
proceeds they become more numerous and larger and more intensely PAS 4,
and when the adult emerges the intermediate cells themselves dwindle in
numbers or entirely disappear. Those that remain contain small, pale or no
PAS + granules (WHITE and LARSEN, 1966). Also, at the ultrastructural
level, both intermediate cells and lysosomal numbers decrease and the size
and structure of the lysosomes change drastically.

What are the functional possibilities of these intermediate cells in vivo ?
With respect to their lysosomal content, a number of functions can be proposed.
DE Duve and WATTIAUX (1966) have outlined how lysosomes, in the economy
of the cell may perform a variety of functions. Those of a heterophagic or
heterolytic nature include intracellular digestion, defense against micro-
organisms and lysis of obstructing structures. Autophagic or autolytic functions
include self-nutrition under unfavorable conditions by means of piecemeal
self-digestion, cellular differentiation and metamorphosis, intracellular scav-
enging as part of self-rejuvenation of long-lived cells, a possible involvement
in mitotic divisions and self-clearance of dead cells.
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Fig. 74. Sheath, intermediate cell, and follicle cells of A.eucalypti diapause ovary.

12000 X . S ovariole sheath; L lysosome; PV pinocytic vesicle; PV’ forming pinocytic

vesicle; N nucleus of intermediate cell; Gly glycogen; PAF granule that stains with
paraldehyde-fuchsin reagent; BL basal lamina of follicle; F follicle cell

Let us relate these functions to the intermediate cell in terms of its lyso-
somal content. In the diapause cell, the number of lysosomes is low, but some
are present. Lysosomal enzymes may be stored and then act on exogenous
supplies of nutrients brought in by endocytosis (STrRauS, 1967) from the
sheath side of the ovariole (lying in the fatbody surrounded by hemolymph),
and pass the transformed products to the follicular side where they leave by
exocytosis. Glycogen is present in these diapause cells (Fig. 74) and certainly
is processed or exported during metamorphosis. Pinocytic vesicles (Figs. 74
and 75) are seen on the sheath side of the intermediate cells, and vesicles
enclosed by membranes and containing flocculent or granular material seem
to be moving inward. On the other side of the cell are similar structures, with
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Fig. 75. Higher magnification of region in A. eucalypti intermediate cell. 60000 X.
See Fig. 14

both particulate and amorphous material between the cell and the follicular
basal lamina. A case for the reverse process of transport can also be made—
wastes might be passed out of the oocyte to the intermediate cell for pro-
cessing.

That the intermediate cell defends itself against virus infections is sug-
gested by the fact that GRACE’s cell lines have a very low infectivity (GRACE,
personal communication; SUITOR, 1966b); they are loaded with lysosomes
which contain enzymes capable of acting on viral coats and nucleic acids
(Davip-FERREIRA and MANAKER, 1965). Viral particles are found in very few
intermediate cells 2% vivo.

Self-nutrition or storage is evident from electron micrographs showing
mitochondria and remnants of other cells organelles in lysosomes, where the
state of breakdown varies (Fig. 74).

Preparation for differentiation and metamorphosis per se is not likely in
the case of the diapause intermediate cell, for most of them show post-lyso-
somes or residual bodies and eventually disintegrate. They may, by exocytosis,
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pass on active enzyme molecules to other differentiating systems in either
direction through extracellular spaces. Differentiation of both muscle cells in
the ovariole sheath (WHITE and LARSEN, 1970) and vitellogenesis in the oocyte
(Rotu and PORTER, 1964; STAY, 1965) proceed during metamorphosis, and
the intermediate cell may play a part in these processes.

Intracellular scavenging as part of the self-rejuvenation of long-lived cells
is probable and is suggested by the fact that the intermediate cells are long-
lived in culture. After the cells leave the ovariole, some ‘‘transform” and
become mitotically active. These may be the ones which contain larger popu-
lations of lysosomes at the time, of the type that store and release the enzymes
known to be implicated in cell division (DE DuVE and WATTIAUX, 1966; DAVIES
and WEISSMANN, 1969) and initiating the mitotic cycle.

In the economy of the organism we have discussed some functions of lyso-
somes concerned with autonomous cell life. Similar functions concerned with
autonomous cell life are repeated in the economy of the whole organism.
Programmed cell breakdown during metamorphosis occurs in many tissues
(LocksHIN, 1964, 1965, 1969; ScHIN and CLEVER, 1965), and during vitello-
genesis (STAY, 1965) and the thinning of the sheath, the intermediate cell
may play a part. The breakdown of secreted macromolecules, for example,
those in the basal laminae of the ovariole, is known to occur during meta-
morphosis (STANLEY and VAUGHN, 1968). The fact that the intermediate cell
can migrate 7% vitro through two basal laminae composed of muco-polysaccharide
is evidence that lysosomal enzymes (glycosidases) may aid the cell in invading
the PAS 4 material.

Conferring immunity, scavenging and detoxication are also possibilities. In
the latter case, it is of interest that GRACE and MITSUHASHI (p. 108) noticed
marked differences between clones in their toxicity to rotenone; and I have
found, in preliminary observations, that the clones show marked differences
histochemically in their lysosomal populations.

In primary cultures of 4. eucalypti ovarioles grown on Araldite, pinocytic
vesicles were found which may form lysosomes and further aid in the “trans-
formation” of some of the intermediate cells.

The formation and ““activation” of lysosomes in the intermediate layer of
the ovariole could conceivably be stimulated by ecdyson, for in diapause
intermediate cells numbers of PAF - granules occur, and their relative
numbers and staining intensity go through cyclic changes during adult develop-
ment (WHITE and LARSEN, 1966). In injured diapause silkmoths, the inter-
mediate cells show increased numbers of PAF + granules (WHITE, unpublished)
which suggests that injury activates hormone uptake. Investigations are in
progress to ascertain whether injury affects the lysosomal population of the
intermediate cells, for preliminary observations suggest that there is an
increase in the number of mitoses in this cell after injury. In electron micro-
graphs the hormone material must be masked, but some cells show vesicles
and granules (Fig. 74) of the size and density of the neurosecretion in other
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cells of the moth; and its initial presence and ultimate disappearance from the
intermediate cells during metamorphosis suggests that it is being used as
development proceeds. The titer of ecdyson during metamorphosis correlates
with the number and staining intensity of the PAF 4 granules ¢z vivo during
development (VAN DER KL0OT, 1955 ; KARLSON and SHAAYA, 1965 ; WILLIAMS,
1968) and the PAS + granule population also increases steadily.

In primary cultures of ovarioles, the PAF 4 material is found in migrating
cells in small granules which, over a few days of culture, become paler and
eventually the cells contain only PAS+ granules which contain acid phos-
phatase and take up neutral red. In the cell lines of GRACE, there seem to be
two types of granules also, but the smaller granules’ intensity of staining with
the PAF + reagent is very much diminished, and in some cells there are no
PAF + granules at all, only those which are PAS 4, acid phosphatase + and
which take up neutral red.

In the intermediate cells we may have a system which responds to hormonal
control through the formation of lysosomes, which then, in turn, respond to
different environments in a variety of ways. Briefly outlined, the hormone
could effect the formation of lysosomes by entering the cell, changing the
permeability or pore size of the nuclear membrane (ITo and LOEWENSTEIN,
1965) to act on the genetic material. The GERL apparatus would then operate
to form lysosomes containing enzymes specific for these cells. Release
or storage of enzymes would subsequently depend on the cell’s environ-
ment.

WIGGLESWORTH (1963) observed during insect metamorphosis the en-
largement of epidermal and ventral muscle nucleoli and the appearance of
RNA in the cytoplasm, and he proposed that ecdyson ‘‘activated’’ mitosis.
The biochemical effects of ecdyson on RNA synthesis have long been known
as a concomitant of metamorphosis (KaRLSON and PETERS, 1965). Injury to
diapause insect is thought to release a hormone which acts at the cellular level
to cause an increase in RNA synthesis (BARTH et al., 1964; BERRY et al., 1967 ;
CONGOTE et al.,, 1969). Whether the intermediate cell in wivo is capable of
producing a hormone is not known, but the diapause cell % vivo may be a
very sensitive responsive target to ecdyson and in wvitro descendents of
these cells may respond to conditions which can be brought about by hor-
mones.

In conclusion, it is proposed that the intermediate cell of the silkmoth
ovary is very versatile, having the ability to function in a number of ways,
depending on the milieu in which it finds itself, and reacting to that environ-
ment by virtue of its multi-functional lysosomal content.
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VIII. The Effects of Insecticides on Insect Cells Grown
in Vitro
T. D. C. GRACE and J. MITSUHASHI

A. Introduction

In 1958, one of us (GRACE) placed some DDT crystals of high purity into
several primary cultures of insect cells and was amazed to see that the cells
multiplied and the tissues remained healthy, despite the fact that many of
them were lying on or alongside the DDT crystals. The medium was removed
after about 6 days, a series of dilutions made and six mosquito larvae were
added to each dilution. At a dilution of 1/1000 the larvae died within 17 hrs
and at dilutions below about 1/250 the larvae were killed in 20 min. to 1 hr.
There was no doubt, therefore, that the medium contained DDT in solution
and there was every reason to believe also that the DDT would have been
taken in by the cells. Although the results were not very encouraging, the
opportunity came in 1968 to investigate the effect of 20 insecticides on the
growth of cells from the established cell lines of the moth Antheraca eucalypis
and the mosquito Aedes aegypti. No attempt was made to determine the mode
of action of the insecticides.

B. Materials and Methods

In most instances the insecticides, which were of high purity, were dissolved in
ethyl alcohol and a very fine dispersion produced by adding 1.0 ml of sterile in-
secticide to 9.0ml of insect culture medium. The insecticides isolan, dimetilan,
sodium arsenate, 4,6-dinitro-o-cresol (DNOC), nicotine sulphate and lead arsenate
were dissolved directly into culture medium and sterilized through a 0.45 y pore
size filter (Millipore Corp., Bedford, Mass.). All the dispersions were prepared just
before use because most produced deposits if they were kept for long. All dilutions
were made with insect culture medium.

The effect of the insecticide on the cells was measured by determining whether
the growth rate of the cells was changed. The cells were cultured in petri dishes and
three replicates were made of each dilution tested. The cell density in each culture
was calculated from the recorded number of cells, the area of the bottom of the culture
dish and the amount of fluid, and was expressed as number of cells per ml. The cells
were maintained for either 4 or 6 days without a change of medium and counts
were made every 2 days. When each experiment had been completed the culture
medium was tested for insecticidal activity. Final instar larvae of Aedes aegypti
were used as test animals. The media were diluted with distilled water and 10 larvae
placed in each experimental group. The mortality after 24 hrs was recorded. Freshly
prepared insecticide solutions were also tested in the same manner to examine
whether or not the culture medium had altered the activity of the insecticides during
the experiment.

In the experiments where both the mosquito and moth cells were tested, the
results were similar.

The effect of ethyl alcohol on cell growth was determined before the experiments
were done. The highest concentration used—1 %—had no effect on growth, and a
slightly stimulative effect was obtained with 0.5% aqueous ethyl alcohol. Above 2%
cell growth was impaired and all the cells were killed within a short period at 4.0%
or higher.
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C. Results
1. Effect of Insecticides on Insect Cells

Organophosphates. The cells were killed by diazinon and malathion at
112 pg and 123 pg/ml, respectively, and at higher concentrations. In the
media containing either of these insecticides at these concentrations droplets
were deposited and the cells, which did not adhere to the glass, had many
droplets on their surfaces. The cell growth in the medium containing malathion
at 12.3 ug/ml was not affected until the 4th day, after which the growth rate
was markedly decreased. This drop in cell growth after the 4th day was
examined more closely by growing cells in media containing malathion at
concentrations between 12.3 ug and 123 ug/ml. The higher the concentration
of malathion the larger was the drop in the number of live cells after the 4th
day, which suggested that malathion or its toxic metabolites may have ac-
cumulated in the cells but killed them only after the concentration in the cells
had reached a critical level.

Carbamates. Isolan and dimetilan had some effect on cell growth at concen-
trations between 10% and 10% ug/ml. Nevertheless the cells continued to
multiply in media containing 10? isolan and 10 dimetilan. The cells became
granulated after 4 days and the cell population decreased slightly in the
medium containing isolan at 10% ug/ml. In media containing either insecticide
at 10* ug/ml, some of the attached cells became detached after the 2nd day
and only a few surviving cells were found by the 6th day.

Carbaryl killed the cells at 102 ug/ml. It is interesting that in the presence
of this insecticide at 10? pg/ml, inhibition and death of the cells was quite
sudden, whereas at 10 pg/ml or less, there was no effect.

DDT and 1ts derivatives. At the concentration of 1 pg/ml neither pp’-DDT,
pp’-DDD, pp’-DDE, nor methoxychlor had any effect on cell growth. Some
cells however became granulated. At 10 wg/ml most of the cells became granu-
lated and growth was slightly impaired. Although methoxychlor had less
effect than the others, the decrease it produced in the growth rate was sig-
nificant (P =1 %). At 10% ug/ml concentrations of these insecticides, the media
in each instance were turbid, especially those containing DDT, in which
needle-like crystals were deposited. At this concentration the cells died in
all media.

Cyclodienes. Aldrin and dieldrin had no effect on cell growth at the concen-
tration of 1 pug/ml, but at 10 pg/ml of aldin the cells did not adhere to the
glass and started to degenerate soon after the experiment began. Dieldrin at
this concentration, however, did not prevent the cells from multiplying even
up to the 6th day. However, most of the cells became granulated, and some
cells produced blebs. The media containing either aldrin or dieldrin at 10? pg/ml
were turbid and deposited crystals, and the cells died very quickly.

At concentrations of 1 ug and 10 ug/ml of lindane, there was no effect
on the growth rate of the cells. The medium was turbid and some crystals were
formed at 10% ug/ml, but some cells survived the whole experimental period.
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Arsenicals. Sodium arsenate decreased the population density at concen-
trations of 102 pg/ml or higher. At 1 pg/ml and 10 pug/ml the cells multiplied
until the 4th day, after which the growth rate decreased markedly.

Lead arsenate, which is virtually insoluble in both water and alcohol, had
no effect on the cells at a concentration of 10 pg/ml, although particles of lead
arsenate covered the bottom of the vessels. The cells remained apparently
healthy although many of them had obviously phagocytosed the particles.

DNOC. Up to a concentration of 10 pg/ml there was no decrease in growth.
At 102 pg/ml the medium was quite yellow and cell growth was retarded, but
some cells survived for up to 4 days.

Rotenone. Rotenone had the most effect on the growth of the cells. At a
concentration of 10~3 pg/ml there was some suppression of growth and granu-
lation of the cells. At 1072 pg/ml and higher concentrations there was increas-
ingly significant suppression of growth.

Nicotine. Nicotine sulphate had very little effect on the growth of the cells.
In medium containing 1 mg/ml in which the smell of nicotine was quite
noticeable, the growth rate was suppressed to a small extent, but the cells
continued to multiply.

Pyrethrins. Media containing 10? ug/ml of either pyrethrins or allethrin
were turbid and killed all the cells in a short time. These insecticides impaired
growth slightly at 10 pg/ml, but neither insecticide had an inhibitory effect
on cell growth at a concentration of 1 ug/ml or lower.

Piperonyl butoxide. This substance showed an inhibitory effect on cell
growth at concentrations of 40 pug/ml or higher. To examine the synergistic
action of pyrethrins and piperonyl butoxide on the growth rate the following
experiment was done: Media were prepared which contained (1) pyrethrins
2.5 pg/ml and piperonyl butoxide 10 pg/ml; (2) pyrethrins 5 pg/ml and
piperonyl butoxide 20 pg/ml; and (3) pyrethrins 10 pg/ml and piperonyl
butoxide 40 pg/ml. In medium (1) no inhibitory action would have been
expected unless there was synergistic action. Without synergistic action the
effects of media (2) and (3) should have been about the same as those of
pyrethrins at 10 pg and 20 pg/ml or those of piperonyl butoxide at 40 ug and
80 pug/ml. The results showed that the effect of the presence of both chemicals
was more than additive in medium (1). However, the growth rate in medium
(2) did not differ significantly from that of cells in either 10 pg/ml of pyrethrins
or 40 pg/ml of piperonyl butoxide. Similarly, no significant difference was
obtained in the growth rate of the cells between medium (3) and either the
media containing 20 ug/ml pyrethrins or 80 wg/ml piperonyl butoxide. The
results, in effect, show that synergism occurred at lower concentrations of both
chemicals, but not at higher concentrations.

2. Relative Susceptibilities of Cells and Mosquito Larvae

With 13 of 19 insecticides tested the cells were able to survive in concen-
trations 100 to 10000 times higher than those killing last instar A. aegypti
larvae. In medium containing sodium arsenate or DNOC, the toxicity was
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higher for the cells by a factor of 10 than for the larvae. The toxicity of rotenone
was much higher, by a factor of 10000 for the cells than for the larvae. Piperonyl
butoxide showed a higher toxicity for mosquito larvae than might have been
expected as it is not, by itself, used as an insecticide.

Five insecticides, malathion, carbaryl, pp’-DDT, pp’-DDD, pp’-DDE and
lindane showed some interaction with the medium during the six days incu-
bation of the cells, which resulted in a reduction of toxicity compared with
freshly prepared dispersions. Most of the insecticides were, however, stable
in the medium.

D. Discussion

Most of the insecticides had relatively little effect on the survival and
multiplication of insect cells grown #» vifro in this and related studies (Mit-
SUHASHI et al., 1970). The principal exception was rotenone in which the
effective inhibiting concentration was comparable with that of a biologically
active substance such as colchicine. The differences between rotenone and the
other insecticides may have been due to its highly specific mode of action.
Rotenone acts on the point of coupled oxidation of reduced nicotinamide
adenine dinucleotide and flavoprotein (Fukawmi, 1961) and if this system is
blocked a critically important energy source is eliminated. Although this
system has not been demonstrated in cultured insect cells, its existence is a
possibility.

The organophosphates and carbamates are known to be cholinesterase
inhibitors. No information is available on the presence of cholinesterase in the
insect cell lines, but the moth cells were derived from ovary tissue and cholin-
esterase is mostly distributed in nervous tissue and it is unlikely that the
enzyme is present in the cells, or, if present, that the cells depend upon cholin-
esterase for any vital function. In either instance, the ineffectiveness of the
organophosphates and carbamates is understandable and their inhibitory
action at high concentrations may be due to a mechanism other than cholin-
esterase inhibition.

pp’-DDT, lindane, the cyclodienes, nicotine and the pyrethrins are said
to be neurotoxins, although their mode of action is not thoroughly understood.
Their effects on cell growth at high concentrations should probably be considered
as different from their mode of action in intact insects, where they act at much
lower concentrations on specific nerve sites.

Arsenicals and DNOC are believed to act mainly by uncoupling oxidative
phosphorylation, and their mode of action is somewhat similar to that of
rotenone. If the arsenicals or DNOC were taken into the cells and acted by
inhibiting the respiratory system, the energy source should have been elimi-
nated. In the present study, they were ineffective compared with rotenone
and their mode of action cannot be explained on this basis. In the case of
arsenate poisoning the toxic effect is believed to be due to the reduction of
arsenate to arsenite. If this is the case, the rate of reduction in the cells must
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be very slow, and perhaps this is the explanation why the toxic effects in the
sodium arsenate medium became evident only after 4 days.

Some insecticides have little toxicity until they are converted to highly
toxic materials after entry into the body. The possibility of explaining the low
toxicity of the insecticides on the cultured cells from this point of view should
be kept in mind. Malathion, for example, is said to be a rather poor inhibitor
of cholinesterase i» wvitro, but is converted to malaoxon which is an active
anticholinesterase. In the present study, high doses of malathion inhibited
cell growth, but it is not known whether malathion was converted to malaoxon
in the cells.

The fact that the mosquito larvae were generally much more sensitive to
the insecticides than the cells seems curious at first, but it is less surprising if
the mode of action of insecticides is considered. To interfere lethally with any
one of a large number of vital processes in a complex, highly integrated organism
is one matter and to kill one of its component cell types is another. Although
the mode of action of most insecticides is still not well understood, it is possible
to generalize that most insecticides appear to interfere with the function of
highly organized tissues and organs more readily than they act on the basic
functions of most of the general somatic cells.



Chapter 4

Arthropod Tissue Culture in the Study of Arboviruses
and Rickettsiae: A Review

CoNrAD E. YUNKER

In 1959 GRACE noted a decided time lag between early attempts to culture
insect tissues #n vitro and the development of techniques that would permit
long term survival or growth of insect cells and tissues under these conditions.
Lack of these techniques was undoubtedly responsible for the nearly complete
absence of studies on multiplication of arthropod-borne vertebrate viruses and
rickettsiae in arthropod tissue and cell cultures during the first four decades
of insect tissue culture, 1916-1956.

A. Arbovirus Studies!
1. Primary Arthropod Tissue and Cell Cultures

(Table 24)

A noteworthy exception to this inactivity was TRAGER’s (1938) demon-
stration of the multiplication of WEE virus in surviving tissues of Aedes
aegypti. After 28 days in tissue culture the virus had multiplied 100,000 times,
providing rare evidence that a vector-borne arbovirus is capable of multi-
plying in cells of its arthropod host.

Despite the significance of this experiment similar studies on arboviruses
in surviving insect tissues were not reported again until 1956, when PRICE
observed that JBE virus lost its infectivity for a time when grown in mosquito
tissue culture. This finding supported the hypothesis that, in the mosquito
vector, the virus undergoes an eclipse phase similar to that described for
many animal viruses or bacterial viruses in their respective host cells. Un-
fortunately, details of methods employed or the species of mosquito used were
not given, so the significance of this work remains moot.

In 1959, HAINES reported a large series of attempts to cultivate tissues
from Aedes aegypti in vitro. When larval midgut cells were exposed to EEE
virus, enhanced virus survival over a 5 day period could not be demonstrated,
although cell survival and some degree of development were seen. Subsequently,
JOHNSON (1969) showed that if primary tissue cultures are prepared from
minced larvae, EEE virus, as well as VEE virus, will readily grow in cells of
this species.

1 See Table 23 for key to virus names.

8 C.T. in Microbiology, Vol. 55
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Table 23. Key to viruses discussed in this review?
Abbre- Virus Group? See
viations Table
AHS African Horse Sickness AHS 27
BAND Bandia QAL 26
BEB Bebaru A 26
BUN Bunyamwera BUN 25
CE California BFS-283 CAL 25
CHP Chandipura PIR 26, 27
CNU Chenuda KEM 25, 26
CHIK Chikungunya A 25—27
CHIT Chittoor (Batai) BUN 26, 27
COX Coxsackie B§5 (+) 26-27
CR Cowbone Ridge B 26
CTF Colorado Tick Fever (—) 24—27
Cv Cache Valley BUN 25
C5581 (Unnamed; tickborne) (—) 26
DEN-1-4 Dengue-1, 2, 3 and 4 B 26, 27
DHO Dhori (—) 26, 27
EEE Eastern Equine Encephalitis A 24-27
EH Edge Hill B 26
EMC Encephalomyocarditis (+) 24—27
FAR Farallon HUG 26
GAN Ganjam (—) 26, 27
MHE Mouse Hepatoencephalomyelitis (+) 26, 27
HS Herpes Simplex (+) 25
ITQ Ttaqui C 25
JA Johnston Atoll ORF 26
JBE Japanese B Encephalitis B 24—27
JUN Junin TAC 25
KFD Kyasanur Forest Disease B 24, 26, 27
KOK Kokoberra B 26
KSO Kaisodi KAI 26, 27
KUN Kunjin B 26
LGT Langat B 2427
LCM Lymphocytic Choriomeningitis (+) 24
LI Louping Il B 24
MAC Machupo TAC 25
MTB Marituba C 25
MET Metucare (—) 25
MOD Modoc B 25, 26
MVE Murray Valley Encephalitis B 26
ND Newecastle’s Disease (+) 24
NYM Nyamanini (—) 25
OMSK Omsk Hemorrhagic Fever B 24
PHL Phlebotomus Fever PHL 25
POL Poliovirus (+) 24, 26, 27
POW Powassan B 24, 25, 27
PSU Pseudorabies (-+) 24, 25

& Adapted from McLean (1969).
b (+)=Not an arbovirus; (—) = Ungrouped arbovirus; HUG = Hughes group;
KEM = Kemerovo group; PIR = Piry group; SIM = Simbu group.
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Table 23 (Continued)

Abbre- Virus Group See
viations Table
QAL Qalyub QAL 26

ORF Quaranfil ORF 25

RB Rio Bravo B 25

RSSE Russian Spring-Summer Enceph. B 24

SAT Sathuperi SIM 26

SF Semliki Forest A 24, 26, 27
SEFN Naples Sandfly Fever PHL 26

SFS Sicilian Sandfly Fever PHL 26

SH Snowshoe Hare CAL 25

SIL Silverwater KAI 26

SIN Sindbis A 24, 26, 27
SLE St. Louis Encephalitis B 24—27
TAH Tahyna CAL 25

TBE Tickborne Encephalitis B 24

TCR Tacaribe TAC 25

TRB Tribec KEM 24

TUR Turlock TUR 25

URB (Unnamed; tickborne) (—) 26

VAC Vaccinia (+) 24

VEE Venezuelan Equine Encephalitis A 24, 26, 27
VSI Vesicular Stomatitis (Indiana) \'E] 24, 26
VSN]J Vesicular Stomatitis (New Jersey) VS 26

WEE Western Equine Encephalitis A 24, 25
WN West Nile B 24, 26, 27
YF Yellow Fever B 24—27

Cultures of surviving, explanted tissues from the ticks Dermacentor pictus
and Ixodes ricinus were found suitable for substantial growth of EEE virus
(REBACEK and PESEk, 1960). REHACEK (1965a, b) observed that primary
cultures of growing, dispersed tick cells were satisfactory systems for the
propagation of numerous viruses. In these studies and another (REHACEK,
1963) viruses of the serological subgroup A and most tick-borne members of
subgroup B (except LGT) readily multiplied in tick cells i»n vitro. Mosquito-
borne viruses of the B subgroup also multiplied, but not to the extent to which
tick-borne entities did. Most non-arboviruses failed to multiply in tick cell
culture, but an exception was LCM virus, which multiplied well. None of the
viruses produced obvious cytopathic effects (CPE) in the host cells. It was
repeatedly noted that growth of some viruses was obtained from very dilute
virus suspensions, in some cases so dilute that corresponding inocula failed
to infect intracerebrally inoculated suckling mice or HeLa cell cultures. The
last observation was substantiated by the demonstration that primary tissue
cultures of Hyalomma asiaticum ticks were at least 6 times more susceptible
than chick embryo cells to infection by small amounts of TBE virus (REHACEK
and Kozuch, 1964). Because of these findings, these same authors (1969) used

’*
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Table 24. Growth of viruses in primary tissue and cell
Investigator Arthropod species Type of culture

TRAGER (1938)

PRICE (1956)

HAINES (1959)

ReHACEK and PESEK
(1960)

REHACEK and PESEK
(1960)

ReBACEK and PESEK
(1960)

REHACEK and PESEK
(1960)

REHACEK (1963)

PeLEG and TRAGER
(1963 a and b)
ReHACEK and KozucH

(1964)
REeHACEK (19652 and b)

REHACEK (1965a and b)

REHACEK (1965a and b)

YUNKER and CORry
(1967)

PELEG (19684a)

Fujita et al. (1968)

ReHACEK and KozucH
(1969)

REHACEK et al. (1969)

JoHNSON (1969)
JonNson (1969)

Aedes aegypti
“Mosquito”

Aedes aegypti

Ixodes ricinus and
Dermacentor pictus

D. marginatus

D. marginatus and

1. vicinus

Periplaneta americana

D. marginatus,
Hyalomma asiaticum

A. aegypti

H. asiaticum
H. dromedarit

H. dromedarii

H. dromedarii

D. andersoni

A. aegypti

Culex molestus
H. dromedarii

H. dromedaris

A. aegypti
A. triseriatus

Surviving larval and
pupal tissues

“Tissue culture”
Larval midgut cultures
Fat body, hypodermis
tissue cultures

Fat body, hypodermis
tissue cultures

Fat body, hypodermis
tissue cultures

Fat body, hypodermis
tissue cultures
Dispersed cell cultures

Imaginal discs in
hanging drops
Dispersed cell cultures

Dispersed cell cultures

Dispersed cell cultures

Dispersed cell cultures

Primary tissue cultures

Dispersed embryonic
cells

Primary ovarian cultures
Dispersed cell cultures

Dispersed cell cultures

Minced larval cultures
Minced larval cultures

a See Table 23 for key to virus names.

primary tick cell cultures to isolate TBE virus from samples of rodent bloods
and ticks collected in natural foci of the virus. Five viral strains were isolated
in tick tissue cultures from 187 samples tested. Identical results were obtained
with chick embryo cultures, however, which probably means that the infected
samples contained significant amounts of virus. The authors believed that the
use of tick cell cultures to isolate viruses is at least equivalent to the use of
chick embryo cell cultures (until that time the most satisfactory method).
Tribec virus, which has serological affinities to the Kemerovo subgroup of
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Virusa Results

WEE § dex virus increase

JBE Loss of infectivity

EEE Survival; no growth

EEE 4 dex increase

EEE Survival; no growth

ND Enhanced survival; no growth
EEE Virus inactivation

TBE 1-4 dex virus increase

WN Sustained virus growth

TBE Minute amounts of virus detected

EEE, WEE, SF, SIN,
TBE, LI, RSSE, LCM
JBE, SLE, WN, YF,
KFD, LGT, LI,
OMSK, POW

EMC, POL, VSI, VAC,
ND, PSU

CTF

EE, SF, WN
JBE
TBE

TRB

VEE, EEE
VEE

4-5 dex virus increase

2-3 dex virus increase

No multiplication

5 dex virus increase; sustained virus proliferation

Sustained virus growth

Virus growth

Virus isolated from nature in tick cell culture
4 dex virus increase; growth in cytoplasm

Virus growth
Virus growth

arboviruses, multiplied well in primary, dispersed cell cultures of Hyalomma
dromedarii, providing additional evidence of its status as an arbovirus (REHA-
CEK, RAJCANI and GRESIKOVA, 1969). Viral antigen was confined to the cyto-
plasm of infected cells, as shown by the fluorescent antibody technique.

In this decade also, PELEG and TRAGER (1963 a, b) demonstrated that WN
virus will proliferate markedly in primary cultures of imaginal discs of Aedes
aegypti. Cultures of Philosamia cynthia gonads, however, failed to support
WN virus growth. Later, PELEG (1968a) reported that SF and EEE multiplied
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in primary cultures of 4. aegypti embryos. No indications of CPE were seen
in any of these experiments with WN virus. Although occasional alterations
of embryonic cells after infection with SF or EEE were noted, the authors
did not attribute these alterations to infection by the viruses. A titrable EEE
hemagglutinin was detected.

CTF virus multiplied markedly in primary cultures of metamorphosing
nymphal tissues of its vector, the tick Dermacentor andersoni (YUNKER and
Cory, 1967). A 4%/, dex? increase was detected by the fourth or fifth week
after cultures had been inoculated. In cultures prepared from ticks that had
been infected by feeding, maximum virus production (a 5 dex increase) occurred
on the second week after preparation of the cultures. Virus titers of ticks
which imbibed the same infected blood meal and were held alive as controls
remained relatively constant from feeding until molting, illustrating a signifi-
cant difference in virus supporting ability between intact vectors and primary
cultures of their tissues. (A similar quantitative difference between virus
growth in mosquitoes and mosquito tissue cultures had already been noted
by TRAGER [1938] for WEE virus.) Because these tick tissue cultures continued
to yield CTF virus for extremely long periods, an effort was made to determine
if some strain characteristics were altered by prolonged growth in tick cells.
However, after 98 and 124 days in tick cells, the Florio strain of CTF virus
retained its virulence for adult mice inoculated intracerebrally and average
survival time of infected suckling mice remained unchanged.

Primary ovarian cultures from Culex molestus mosquitoes were used to
propagate two strains of JBE virus (FujITa et al., 1968). Multiplication was
demonstrated by viral growth curves, successful serial subcultivation in
C. molestus cells, and specific immunofluorescence in infected cells. As pre-
viously noted by REHACEK (1965a) for TBE virus grown in tick cells, JBE
virus could only be detected in the cytoplasm of the mosquito cells. No dif-
ferences in viral growth patterns were detectable between a strain that had
undergone 200 mouse brain passages, and a low passage strain. It was sug-
gested that the virus’ affinity for insect tissues is not altered by adaptation
to the rodent host.

2. The Antheraea eucalypti Cell Line
(Table 25)

In 1966, SuitorR demonstrated that GRACE’s A#ntheraea eucalypti cells
would support the growth of JBE virus. Virus titers increased 10-100 times
over starting amounts after 3 or 4 weeks incubation. The cells used were of a sub-
strain capable of being maintained on a medium containing hemolymph from
a distantly related species of moth. However, virus growth occurred only when
congeneric hemolymph was added to the culture medium, leading SuITOR to
believe that the physiological state of the cells determined their capacity to
support JBE virus growth.

2 Dex: an order of magnitude expressing a number as its logarithm to the base
10 (HALDANE, 19060).
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In 1967, CoNVERSE and NAGLE recovered YF virus from GRACE’s lines of
Antheraea eucalypti and Aedes aegypti cells for 8 and 5 days, respectively, after
inoculations. Because inocula contained larger amounts of virus than those
recovered, no net virus increase was demonstrated. However, virus decreased
exponentially in cell-free controls and, after inoculation of the cultures, an
initial drop in titer was followed by 2-3 dex higher virus yields, indicating
that virus growth probably did occur in these cells.

Table 25. Virus studies in GRACE’s Antheraea eucalypti cell line®

Investigator Virus Results?
SurTor (1966b) JBE 1-2 dex virus
increase; no CPE
ConvERSE and NaGLe  YF 2-3 dex virus
(1967) increase; no CPE
YunkER and CorRy CV, JBE, SLE, VSI, YF 3.7-6.0 dex virus
(1968) increase; no CPE ,
YuNKER and Cory BUN, CE, SH, TAH Enhanced virus survival
(1968) or some growth;
no CPE
YuNKER and CORry CNU, CHIK, CTF, EEE, No virus growth
(1968) EMC, HS, ITQ, JUN, LGT, evident

MTB, MET, MOD, NYM,
PHL, POW, PSU, QRF,
RB, TCR, TUR, WEE

JusTINES (unpubl.) MAC No virus growth
evident
YANG et al. (1969) VSI 3 dex virus increase;

no CPE; virus penetrates
cell, cytoplasm, replicates
near plasma membrane

a See Table 23 for key to virus names.
b CPE = Cytopathic effects.

At that time we were investigating the ability of the Antheraea cell line to
support the growth of a number of arboviruses, including YF, and observed a
6 dex increase of that virus in these cells (YUNKER and CoRry, 1968a). As did
CoNvVvERSE and NAGLE, we used a subline of Antheraca cells that had been
adapted to grow in the absence of hemolymph (YUNKER, VAUGHN and Cory,
1967) and peak titers that we obtained were about equal to those observed
by CONVERSE and NAGLE.

In our study also, SuIToR’s demonstration of JBE virus growth in Antheraca
cells was confirmed. Three other arboviruses also multiplied to relatively high
titers (3-6 dex) in these cells: SLE, CV, and VSI. A lower but significant
increase in titer was seen for BUN and SH viruses. The latter, a member of
the California subgroup, showed a 3.4 dex increase after an initial drop in titer.
Two related viruses, TAH and the BFS 283 strain of CE, were sustained by



120 C. E. YUNKER:

the Antheraea cells, but failed to show a significant increase in titer over the
amounts inoculated. Viruses that failed to propagate or to survive longer than
corresponding controls included all members tested of subgroups A, C and
Tacaribe, members of subgroup B that are tick-borne or of unknown vector
affinities, eight ungrouped arboviruses and three non-arboviruses. With
regard to the negative results obtained here with two members of the
Tacaribe subgroup, it has recently been shown that a third member, MAC,
which is the agent of Bolivian hemorrhagic fever, also failed to grow in a
hemolymph-free subline of Antheraea cells (G. JUSTINES, personal communi-
cation). Thus, it appears that the Antheraea cell line is a selective system for
the growth of viruses and may aid in the identification and classification of
arboviruses.

Yang, StoLz and PreEvic (1969) grew VSI in a hemolymph-free subline
of Antheraea eucalypti cells and studied virus-cell dynamics by means of
plaque assay in L cells, immunofluorescence, and electron microscopy. By use
of specific antiserum, they demonstrated that presence of infectious virus in
these cultures was due to synthesis of new virus and not to spontaneous release
of the infective virus from cellular receptor sites to which virus had attached
during adsorption. This work also showed that the virus was able to penetrate
host cells during the one-hour adsorption period. Immunofluorescence reactions
were used by YANG et al. (1969) to study a previously suggested hypothesis
(Yu~nker and Cory, 1968a) that morphologically different cell types of the
Antheraea cell line may have different capabilities for supporting the growth
of virus. Virus antigen was synthesized in only a portion of the cell population,
but no great differences among morphological types of cells in their ability
to synthesize this antigen were detected. As noted for TBE and JBE viruses
in arthropod cell cultures (REHACEK, 1965a; FujITA et al., 1968), VSI virus
antigen was confined exclusively to the cell cytoplasm. Electron-microscopic
examinations suggested that virus formation takes place at the host-cell
plasma membrane or, less frequently, at intracytoplasmic vesicles. Marked
CPE were not seen.

3. Mosquito Cell Lines
(Tables 26 and 27)

A new era for vector tissue culture research began in 1966, when GRACE
reported the establishment of a stable cell line from larval Aedes aegypti. The
following year development of additional lines of mosquito cells from larval
A. aegypti and A. albopictus was announced (SINGH, 1967). Subsequently,
PELEG (1968b) established in continuous culture a third line of embryonic
A. aegypti cells. These mosquito cell lines were immediately used in arbovirus
studies, those of SINGH finding widespread popularity because of independence
from any insect hemolymph requirement.

Aedes aegypti cell lines (Table 26). As noted above, CONVERSE and NAGLE
(1967) reported a 2 dex increase in titer of YF virus in GRACE’s cell line after
an initial drop in titer following inoculation of large amounts of the virus.
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Table 26. Growth of viruses in Aedes aegypti cell linesd

Investigator Growth Growth RemarksP
detected not detected
CoNVERSE and NAGLE YF
(1967)
REHACEK (1967, 1968a)  JBE, KUN, BEB, EH, KOK,
MVE, WN SF, SIN
REHACEK (1968b) JBE, MVE Persistent in-
fection; loss of
virulence
REHACEK (1968Db) JBE, KUN, MVE Superinfection
FiLsHIE and REHACEK JBE, MVE Virusin ER; CPE
(1968) with JBE
SINGH and PAuL CHP, CHIK, WN CHIT, COX, No CPE
(1968a and b) DEN, DHO, EMC,

GAN, MHE, JBE,
KFD, KSO, POL,
SAT, SIN
BUCKLEY (19692) CHIK, EEE, SF, BAND, CNU, CR, No CPE
SLE, VEE, VSI, CTF, C5581,
VSNJ, WN, YF FAR, JA, LGT,
MOD, QAL, SFN,

SFS, SIL, URB
PELEG (1968D) EEE, SF, WN No CPE
PELEG (1969a) SF, WN EMC, POL Arbovirus RNA,
but not picorna-
virus RNA, infec-
tive
PELEG (1969D) SF Persistent in-

fection; only few
cells infected

a See Table 23 for key to virus names.
b CPE = Cytopathic effects; ER = endoplasmic reticulum.

The following year, REHACEK (1968a, b) reported that GRACE’s A. aegypti
cells supported growth of four B subgroup arboviruses, JBE, WN, MVE, and
KUN. All of these, presumably, are mosquito-borne. Two additional viruses
of the B subgroup and three of the A subgroup, all also presumably mosquito-
borne, failed to grow in these cells. With one exception, no adverse effects of
the viruses on the cells were apparent; virus particles were present in the
endoplasmic reticulum of degenerating cells infected with JBE virus (FILSHIE
and REHACEK, 1968). Later, REHACEK (1968c) described the course of per-
sistent infections of A. aegypti cells with MVE and JBE viruses. After 210 days
and 21 in vitro passages these viruses became less virulent for subcutaneously
inoculated mice. In addition, cultures persistently infected with these viruses
could be superinfected with KUN virus.

SINGH's A. aegypti cell line supported the growth of WN, CHIK, and
CHP viruses (SINGH and PauL, 1968a, b) but was refractory to a number of
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other viruses, including some that grew well in A. albopictus cells. This re-
fractoriness was considered remarkable in view of the wide range of viruses
that A. aegypts mosquitoes are capable of transmitting (SINGH and PAut,
1968b). However, CHP virus grew markedly better in A. aegypti cells than
in A. albopictus cells.

Recently, BUCKLEY (1969a) reported attempts to infect SINGH’s Aedes
cells with 23 arboviruses. Seven mosquito-borne viruses of subgroups A and B
and both VSI and VSN]J viruses grew in 4. aegypts cells. VSI multiplied to
higher titers here than in 4. albopictus cells. Thirteen other viruses of various
groups, including tick-borne entities, failed to grow in A. aegypti cells. CPE
were not seen.

PELEG (1968Db) reported marked growth, in his line of embryonic 4. aegypti
cells, of 2 arboviruses of the A subgroup, EEE and SF, and one of the B sub-
group, WN. Thus, this cell line differs from GRACE’s line of larval cells from
the same species in its ability to support growth of SF virus and from SinGH’s
line in its susceptibility to EEE virus. Here, also, CPE were not evident in
infected cells. Later, PELEG (1969a) attempted to infect his A. aegypti cells
with RNA from EMC and POL, two picornaviruses to which the cells were
known to be refractory. For comparison, infectious RNA from SF and WN
were also tested. Whereas the cells inoculated with the arbovirus RNA yielded
viable virus progenies identical to the donors of the RNA, the cells failed to
produce viruses after inoculation with RNA derived from the picornaviruses.
Finally, PELEG (1969Db) reported long-term, inapparent infection of the A.
aegypti cell line with SF virus. It was demonstrated that only a small pro-
portion of the total cell population was involved in virus production. Although
gross CPE were not apparent, a decline in virus-producing cells concomitant
with a drop in virus titer suggested destruction of the infected cells. The
involvement in virus production of only a small proportion of cells has also
been noted for MVE and JBE in A. aegypti cells by FiLsHIE and REHACEK
(1968) and for VSI in Antheraea eucalypti cells by YANG et al. (1969).

Aedes albopictus cell line (Table 27). In the last few years, the contributions
of SINGH and co-workers to today’s topic have been impressive. Not only
was GRACE’s unique success in establishing mosquito cell lines quickly repeated,
but this feat was performed without using insect hemolymph (SiNGH, 1967).
Subsequently, the growth of certain culicine-borne, as opposed to tick-borne,
arboviruses was reported (SINGH and PAUL, 1968a and b), CPE and a carrier
state for some of these viruses in the A. albopictus cell line were described
(SiNGH and PAuL, 1968a and b; BANERJEE and SINGH, 1968; PAUL et al., 1969),
and the sensitivity of A. albopictus cells to infection with CHIK, WN, JBE
and DEN-2 viruses was demonstrated (PAUL and SiNGH, 1969). Finally,
employing these findings, it was shown that DEN viruses of all 4 serotypes
may be isolated from human sera or mosquitoes in A. albopictus cell cultures,
that the type of CPE produced afforded a rapid means of preliminary differ-
entiation of the serotype and that although neutralization tests in mosquito
cell cultures were of no use in identifying isolates, complement-fixation (CF)
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Table 27. Growth of viruses tn SINGH's Aedes albopictus cell line®

Investigator Growth Growth not Remarks?
detected detected
SINGH and PavuL AHS, CHP, COX, DHO, EMC, CPE with JBE,
(1968a and b) CHIK, CHIT, MHE, KFD, WN, DEN-1, 2,
DEN-1, 2,3,4, KSO, POL and 4
GAN, JBE, SAT,
SIN, WN
BANERJEE and SINGH CHIK, ]JBE, Initial CPE with
(1968) WN JBE and WN;
otherwise inap-
parent infection
PauL and SinGH CHIK, ]BE, Cells highly sens-
(1968) WN, DEN-2 itive to infection
PavuL et al. (1969) CHIK, JBE, CPE, including
WN, DEN-2 syncytia forma-
tion, described
SINGH and PavuL DEN-1, 2,3, 4 Isolated from
(1969) blood and mosqui-
toes; identified
by CF from cell
culture fluids
Pavri and GHosH DEN-1 Isolated from
(1969) acute human
blood, identified
by CF from cul-
ture fluid
YuN~KER and Cory JBE, SLE, WN LGT, POW CPE not seen
(1968Db)
YUNKER and Cory CTF CPE not seen
(1969)
BucKLEY (1969a) CHIK, CTF, BAND, CNU, CR, CPE with WN
EEE, SF, SLE, (5581, FAR, only
VEE, VSI, JA, LGT, MOD,
VSN]J, WN, YF QAL, SFN, SFS,
SIL, URB
SUITOR (1969) DEN-2 Syncytial forma-
tion enhanced in
plastic
Surtor and PauL JBE Plaques produced

(1969)

& See Table 23 for key to virus names.
b CPE = Cytopathic effects; CF = Complement-fixation.

tests, with cell culture fluids as antigens clearly identified the isolates (SiNGH

and PAvL, 1969; PAvRt and GHOSH, 1969).

In 1968, we reported results of inoculation of SINGH’s A. albopictus cells
with certain B subgroup arboviruses (YUNKER and Cory, 1968b). Previous
experiences with GRACE’s Antheraea cells had demonstrated their apparent
predilection for culicine-borne viruses, especially of the B subgroup, as opposed
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to tick-borne viruses (YUNKER and Cory, 1968a). We found a similar pattern
occurring in the A. albopictus cells: SLE, JBE and WN viruses (B subgroup;
mosquito-borne) propagated therein but LGT and POW (B subgroup; tick-
borne) did not. As noted above, SINGH and PAUL (1968b) reached similar
conclusions with different viruses. Later, growth of CTF virus, which is not
a member of the B subgroup, in A. albopictus cell cultures was reported
(YUNKER and Cory, 1969). CPE were not seen in our infected cells.

BUCKLEY (1969a) reported growth of 7 mosquito-borne members of sub-
groups A and B, VSI and VSN viruses and CTF virus in Aedes albopictus
cells. Thirteen other arboviruses, including LGT, a tick-borne subgroup B
virus, failed to infect A. albopictus cells. Only WN virus produced CPE in
these cells.

The CPE noted by SINGH and PAuL (1968a) when A. albopictus cells were
infected with JBE virus were utilized by Suitor (1969) in developing a
plaquing method for this virus-cell system. Although virus plaque titers were
approximately 1 dex less than the TCDy, of either hamster-kidney or A. albo-
pictus cells in liquid medium, they were reproducible, directly proportional to
the virus content and reducible by prior neutralization of the virus with
specific immune ascitic fluid. Hence, if this technique can be extended to other
strains of JBE virus or to other viruses, a valuable tool for virus quantitation
will be available.

Also in 1969, Surtor and PAUL described altered morphology of A. albo-
pictus cell monolayers grown in plastic rather than glass vessels. Further,
they found that whereas the CPE produced by DEN-2 virus in these cells
grown on glass surfaces were not easily definable, if cells were infected after
transfer to plastic, cytoplasmic fusion was increased until the entire monolayer
often became one large syncytial mass. These authors, and PAUL et al. (1969),
noted that arboviruses have not been known to induce syncytial formation
in vertebrate cells. Investigation of this basic difference between responses of
arthropod and mammalian cells to infection with arboviruses of the B subgroup
is worthy of further study, since it may aid in our understanding of a recurring
question in pathogen-vector relationships: Why is the arthropod host cell
unharmed by an organism that is destined to destroy its mammalian host cell ?

B. Rickettsial Studies

Nauck and WEYER (1941) and WEYER (1947; 1952) reported multiplication
of Rickettsia prowazeki, R.mooseri and R. quintana on surviving tissues of
insects, particularly the gut of lice. In the last named study, WEYER also
performed what I believe to be the earliest recorded tick tissue culture experi-
ment. Explants of louse-guts infected with R. prowazeki and R. mooseri were
combined with tissues of Rhipicephalus bursa in culture vessels. Rickettsiae
were observed in smears of this material for eight days, but transfer of the
rickettsiae from louse tissues to tick tissues was not observed.
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REHACEK and colleagues demonstrated that Coxiella burneti will propagate
in explanted organs and primary tissue cultures of ticks, Hyalomma asiaticum
(REHACEK and BREZINA, 1964) and H. inirmis, Ixodes ricinus and Dermacentor
marginatus (KORDOVA and REHACEK, 1965). Later, it was shown that primary,
dispersed cell cultures of H. dromedarii were highly sensitive to infection with
R. conori and R. akari and also supported growth of R. prowazeki and R.
moosert (REHACEK, BREZINA and MAJERSKA, 1968). The first two species
occasionally grew intranuclearly and the last two underwent a pronounced
change in morphology in tick-cell cytoplasm.

Recently we tested GRACE’s Antheraea and SINGH's 4. albopictus cell lines
for ability to support growth of various pathogenic rickettsiae. Two strains of
Coxuella burneti, Nine Mile and Australian QD, grew well in established cell
lines from the insects Antheraea eucalypti and Aedes albopictus (YUNKER et al.,
1970). Rickettsial growth curves in terms of infection rate of stationary
cells, exhibited a prolonged lag phase followed by a period of exponential
growth and, finally, infection of nearly all cells of the cultures. After 23 weeks
and a total cell-dilution of 3 X 10%, titer of C. burnets (Nine Mile strain) in an
Antheraea cell culture was 1.1 X10? GPID,,/ml, indicating a very substantial
multiplication of the rickettsia during this period. Infection of Aedes cells with
both strains of C. burneti was accelerated when roller cultures were employed.
Effects of rickettsia on Antheraea cells were limited to enlargement, rounding
and fragility of heavily infected cells. Infection of Aedes cells, on the other
hand, was accompanied by progressive decline in cell number and occasional
loss of the culture through complete destruction of cells. Use of a lactalbumin-
hydrolysate medium containing 0.5 % bovine plasma albumin in lieu of fetal
calf serum for infected cultures of Aedes cells resulted in production of highly
satisfactory complement-fixing antigen.

Subsequently, we observed substantial growth of two Rickettsia prowazeki
strains in the Awntheraea cells, as judged by infection rate of cells (YUNKER,
BURGDORFER and Cory, in preparation). Evidence of CPE was seen. A strain
of R. rickettsi showed no growth in these cells until seven weeks after inocu-
lation, when specific immunofluorescent reactions were observed. These
reactions became more intense in succeeding weeks, indicating growth un-
detectable by Giménez staining. Infection of Aedes cells by either R. prowazeki
or R.ricketts: could not be demonstrated by Giménez staining, but specific
immunofluorescent reactions were observed for as long as eleven weeks after
inoculation, indicating prolonged survival or some growth of rickettsia.

C. Concluding Remarks

In concluding this review, it may be worth observing that approximately
a third of all publications dealing with applications of arthropod tissue culture
to studies of arboviruses appeared last year. Another third appeared in 1968;
the remainder were published at intervals during the preceding three decades.
Obviously, this area is just beginning a “logarithmic” phase of growth, hence
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generalizations must await the test of time. However, some salient points and
recurrent observations may be noted:

1. Viable arthropod tissues and cells in primary cultures will support
growth of viruses that the arthropod, or a related species, is known to transmit.
(Exception: LGT virus has not yet been grown in tick tissue cultures.) Certain
alien arboviruses may grow in these cultures but, generally, to a relatively
lesser degree.

2. Arboviruses may propagate to a higher degree in primary cultures of
vector tissues or cells than in the intact arthropod.

3. Tissues or cells from some organs or developmental stages of arthropods
may be more suitable for virus growth than are those from other organs or
stages.

4. Primary tick tissue cultures and established insect cell lines are ex-
tremely sensitive to certain arboviruses and rickettsiae. In some cases they
may be used to detect amounts of the organism that are not detectable by
standard animal, egg or vertebrate tissue culture methods.

5. Established insect cell lines, regardless of vector status, show an affinity
for culicine-borne viruses (especially of subgroup B) as opposed to tick-borne
viruses. (Exception: CTF virus grows in mosquito cell cultures.) They are
refractory to infection with non-arboviruses thus far tested. In one instance
these cells discriminated between naked infectious RNA of arbo- and non-
arboviruses.

6. Persistent inapparent infection is characteristic of certain arbovirus-
arthropod tissue culture systems and only a small percentage of cells are
involved in virus production.

7. Gross CPE in arthropod cells ¢# vitro have been observed only for five
B subgroup, mosquito-borne arboviruses, and only in the 4. albopictus cell
line. Some rickettsiae do cause gross CPE in insect cell lines.

8. The kind of CPE produced by various DEN virus serotypes is character-
istic and may be used in the direct assay and identification of these serotypes.

9. Induction of syncytia by certain B subgroup arboviruses is apparently
unique for arthropod, as opposed to vertebrate, cell cultures.

10. Infected arthropod cell culture materials may be used as CF antigens
for identification of arboviruses or rickettsiae, and at least one arbovirus
produces a titrable hemagglutinin in mosquito cell cultures.

The significance of this body of information for arbovirology and epidemio-
logy and control of infectious diseases is largely yet to be determined. However,
a promising note is the appearance of unpublished reports of the successful
use of mosquito cell cultures in isolating and identifying dengue viruses from
human sera or mosquitoes during outbreaks in the Philippines (J. Sumpaico,
personal communication) and Puerto Rico (W. A. CHAPPELL, personal com-
munication).
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Propagation of Arboviruses in Singh’s Aedes
Cell Lines

L. Growth of Arboviruses in Aedes albopictus and A. aeg ypti
Cell Lines!

K. R. P. SingH

A. Susceptibility of Mosquito Cell Lines to Vituses

The susceptibility of A. albopictus and A. aegypti cell lines to infection with
22 arboviruses and 4 other viruses is listed in Table 28. A. albopictus was
susceptible to infection with all the mosquito-borne arboviruses tested, but
was generally resistant, with certain exceptions, to infection with members of
the tick-borne groups. 4. aegypti was much more restricted in its susceptibility
and could support the growth of only three arboviruses. Attempts to infect
both cell lines with other species of animal viruses were not successful.

A. albopictus did support the growth of Ganjam (GAM) virus, an ungrouped
tick-borne virus, and YUNKER et al. (1969) reported that this cell line could be
infected with Colorado tick fever (CTF) virus. With the exception of these
viruses, only those that are normally transmitted by mosquitoes or can
experimentally infect mosquitoes can multiply in one or both insect cell
lines.

GAM virus was selected for further study because of its capacity to grow
in A. albopictus cells. This virus multiplied in ticks but not mosquitoes when
inoculated intrathoracically. An experiment was performed to determine if
GAM virus passed serially in A. albopictus cells would acquire the capacity
to infect adult mosquitoes. A strain of GAM virus passed several times in
A. albopictus cells and the mouse adapted strain were inoculated intra-
thoracically in A. aegypti females. A mouse-adapted strain of GAM virus
served as the control virus. Virus multiplication was clearly demonstrated in
the mosquitoes inoculated with virus adapted to A. albopictus cells, but only
a trace of virus could be detected in mosquitoes receiving the mouse-adapted
strain. These results demonstrate that a change in the host range properties
of the virus occurred as the result of serial passage in the A. albopictus cell
line. It will be of interest to see, if CTF, like GAM virus, after passage in
A. albopictus cells can also multiply in mosquitoes.

1 This is a review of work carried out in our laboratory.
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Table 28. Susceptibility of Aedes albopictus and Aedes aegypti cell lines to various

arbo and other viruses

Virus Cell line Virus Cell line
A.albo- A. A.albo- A.
pictus aegypti pictus aegypti

Mosquito-borne Tick-borne

Group A: Grouwp B:

Chikungunya + -+ Kyasanur Forest

Sindbis + 0 Disease 0 0

Group B_' Ka?jsodi.'

Japanese Kaisodi 0 0

encepha'litis + 0 Ungrouped.:

WeSt Nlle “I‘ + Ganjam _.I_ 0

Dengue 1 + 0 Dhori 0 0

Dengue 2 + 0 Wanowrie 0 NT

Dengue 3 + 0

Dengue 4 + 0 Ungrouped:

Bunyamuwera: African horse

Batai n o sickness + 0
. Other viruses:

Piry: . )

. Polio 1 0 0
Chandipura + T Coxsackie B5 0 0
Simbu: Encephalomyo-

Sathuperi + 0 carditis 0 0
Hepatoencephalo-

Palyam: o

Palyam + NT myelitis 0 0

VRC No. 15534  + NT

VRC No. 68886  + NT

Ungrouped:

Minnal + NT

Arkonam -+ NT

+ = Susceptible; 0 =not susceptible; NT =not tested.

B. Growth of Arboviruses in Mosquito Cell Lines

The growth response of several arboviruses in 4. albopictus and A. aegypti
cell lines was compared with that obtained in Vero cells and in infant mice
(Table 29) (PauL and SINGH, 1969). A. albopictus cells supported equally as
good or greater virus yields for CHIK, JBE, WN, and DEN-2 viruses? com-
pared to those observed in Vero cells or mice, but lower titers were obtained
for Batai and Chandipura viruses. 4. aegypti cells were tested only with
CHIK, WN, and Chandipura viruses. Virus yields in this cell line were con-
sistently lower than those achieved in Vero cells or mice.

2 Abbreviations for arboviruses are those used in Chapter 4, Table 23, p. 114.
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Fig. 76. Growth of arboviruses in Aedes albopictus cell cultures

Table 29. Titersa of viral infectivity in various cell lines and infant mice

Virus Infant mice Cell lines
Vero A. albopictus  A. aegypti

Chikungunya 8.2 83 8.7 6.6
West Nile 8.6 9.0 9.0 7.0
Japanese encephalitis 8.4 9.0 9.5 NS
Dengue 2 6.9 6.5 8.5 NS
Batai 7.2 6.8 6.0 NS
Chandipura 9.5 9.3 9.0 7.7

2 All titers expressed as 50% end points of infectivity per 0.1 ml.
NS = Not susceptible.

The growth patterns of representative members of Groups A, B, Simbu and
Bunyamwera in 4. albopictus cells are shown in Fig. 76. Approximately 100
to 100.000-fold increases from the original inocula were observed and maximum
titers were reached within 4 days with most of the viruses tested.

C. Cytopathic Effect

Cytopathic effect was observed with JE, WN, DEN-1, 2, 3, and 4 viruses
only in the A. albopictus cell line (PAuL et al., 1969). The main features of
cytopathic effect induced by these viruses were (1) cytolysis of individual
small cells (2) development of large syncytial masses (3) gradual increase in
number of multinucleated giant cells (4) active phagocytosis of dead and dying
cells and (5) ultimate recovery of the infected cultures (Fig. 77A-F). All the
viruses which produced cytopathic effect in A. albopictus cell cultures belonged
to group B of mosquito-borne arboviruses.

9 C.T. in Microbiology, Vol. 55
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D. Primary Isolation of Arboviruses

SINGH and PAUL (1969), have demonstrated that dengue viruses of the four
serotypes could be detected in human sera and mosquito suspensions on the
basis of cytopathic effect produced in the A. albopictus cell line. The four
serotypes of dengue virus multiply in the cell line to fairly high titers and the
tissue culture fluid could directly be used for preliminary identification of
viruses with complement fixation tests. It was also observed that preinoculation
of the infected human sera in mosquitoes further facilitated the isolation and
identification of dengue viruses, probably through enhancing the infective
virus titer.

During the dengue isolation experiments in 4. albopictus cell line, the human
sera were diluted 1 :10, before inoculation into the culture tubes, because
undiluted sera had a gross anticellular effect, leading to rapid cell lysis in
these cultures. A similar effect was noticed with sera from normal rabbits,
monkeys and guinea pigs, but not with normal mouse serum. The anticellular
effect produced with these sera was very rapid, leading to lysis of cell sheet
within half an hour after inoculation into the cell cultures. However, dilution
of serum resulted in a decrease in the anticellular activity that was completely
eliminated by heating the sera at 56° C for 30 min.

E. Carrier Cultures

Carrier cultures of 4. albopictus cell line infected with JE, WN and CHIK
viruses have been established. A very interesting finding in the studies of carrier
cultures was that virus harvested from CHIK carrier culture after a few serial
passages lost its virulence for mice (Fig. 78). However, the virulence of the
other two viruses, i.e., JE and WN for mice did not change.

Infant mice, inoculated by intracerebral or peripheral routes with the
avirulent CHIK carrier culture virus, were immunized against intracerebral
challenge with virulent CHIK virus. The avirulent strain of CHIK virus at
16th carrier culture passage was indistinguishable from the original mouse
adapted strain in the neutralization test (BANERJEE and SINGH, 1969).

As CHIK virus belongs to group A of arboviruses, a carrier culture infected
with Sindbis, another group A virus, was established to determine if the
variation in mouse pathogenicity was common to all group A arboviruses.
Although 26 subcultures have been made, the virus harvested from the first
20 subcultures has not shown any change in its mouse pathogenicity.

Fig. 77A-F. A. albopictus cell culture infected with West Nile virus, showing various

features of cytopathic effect. A Normal cell sheet (living culture), 100 x. B Denudation

of cell population, formation of multinucleated cells and syncytial cell masses, 4 days

after inoculation (living culture), 100 x . C A large syncytial mass merging into surrounding

cell clumps (H and E stain), 100 X. D A portion of the syncytial cell mass. Phagocytosis

of small cells also seen (WG stain), 650 x. E Multinucleated cells (WG stain), 450 x.
F Recovery of infected cell culture (H and E stain), 100 x

9*
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Fig. 79. Titers in Vero cell cultures of mouse brains harvested at various intervals from
mice inoculated with mouse adapted and carrier culture strains of Chikungunya virus

Growth pattern of virulent and the avirulent 4. albopictus adapted strains
of CHIK virus in mouse brain was investigated (Fig. 79). Virus titer in mice
infected with mouse-adapted virulent CHIK virus increased rapidly resulting
in death of 50% of the mice at 48 hrs and 100% by 60 hrs. Mice inoculated
with the A. albopictus adapted strain survived. Maximum virus-titers were
10® to 10* in mice inoculated with 16th A. albopictus passage virus but only
a trace of virus was detected in mice infected with the 30th passage indicating
further attenuation of the virus (BANERJEE and SINGH, 1969).

To learn whether the attenuated CHIK virus could infect mosquitoes,
Aedes aegypti females were inoculated intrathoracically and after 10 and
15 days of incubation, they were fed on mice. The mice remained normal but
on challenge with virulent CHIK virus were found to be immune. These
findings showed that although CHIK virus had lost its virulence for mice, it
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could still be maintained in mosquitoes and in turn the mosquitoes could
transmit the virus to mice without affecting the non-virulent properties of
the virus.

It is evident from these and other studies on the growth of arboviruses in
insect cell cultures, that arthropod tissue culture and particularly cell cultures
from mosquitoes have become virtually at par with vertebrate tissue cultures,
and that it has become possible to propagate arboviruses in mosquito cell
cultures and to carry out detailed studies on the cell-virus relationship in vitro.

I1. Multiplication of Chikungunya and O’nyong-nyong
Viruses in SINGH’S Aedes Cell Lines

Sonyja M. BUCKLEY

A. Introduction

We have been interested in insect cells as a tool to throw some light on
virus-vector relationships. In studies conducted during 1968 and 1969 (Buck-
LEY, 1969a and b), 32 strains of arboviruses were examined for their ability
to infect Aedes cells. Twenty-seven viruses belonged to 9 different antigenic
groups and 5 were ungrouped. The findings of SINGH and PAUL (1968a) that
mosquito-borne viruses including chikungunya (CHIK) multiply either in both
or at least in one of the cell lines were confirmed. However, we have found
exceptions to the tentative generalization made by SiNGH and PauL that
tick-borne arboviruses fail to infect the Aedes cells. In our hands, Colorado
tick fever virus (CTF), an ungrouped tick-borne virus, multiplies in the Aedes
albopictus cell line, but not in the A.aegypti cell line (BUCKLEY, 1969a).
These results confirm the findings of YUNKER and Cory (1969). In addition
to CTF, four viruses of the Kemerovo group, namely Kemerovo, Lipovnik,
Tribec and Chenuda, non-group B tick-borne viruses, infected both Aedes
cell lines (BUCKLEY, 1969b). Tick-borne viruses of group B such as Kyasanur
Forest disease (SiNGH and PAur, 1968b), Langat (BuckLEY, 1969a) and
Kadam (W. N. MucGo, personal communication) do not multiply in the Aedes
cells, whereas 5/18 non-group B tick-borne viruses infect either one or both
of SINGH’S Aedes cell lines. These findings complement the results of REHACEK
(1965b) who reported the multiplication of some group A and group B arbo-
viruses in primary cell cultures of the tick Hyalomma dromedarii Koch.

The multiplication of CHIK and o’nyong-nyong viruses in Aedes cells is
described in this report. O’'nyong-nyong, a group A arbovirus, is antigenically
closely related to CHIK virus (PORTERFIELD, 1961), but can be distinguished
from CHIK virus by various serologic tests (WILLIAMS et al., 1962). Different
vectors are involved in their transmission in nature, CHIK virus was isolated
from A. aegypti, o'nyong-nyong virus was obtained from Amopheles funestus
and Amnopheles gambiae mosquitoes. It is due to the difference in vectors that
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we were interested in the multiplication of these viruses in the A. aegypts
and A. albopictus cells.

We know of no studies comparing the behavior of these two viruses in
mosquitoes.

B. Materials and Methods

In addition to the prototype CHIK and o’nyong-nyong strains at hand at the
Yale Arbovirus Research Unit, three group A isolates from Ibadan, Nigeria, were
included?!. One is a topotype CHIK strain, Ib H 35. The other two isolates, provi-
sionally designated Igbo-Ora virus, appear serologically to be o'nyong-nyong-like.
The virus inoculum consisted of a 10% mouse brain suspension. With the exception
of o'nyong-nyong, all the strains were isolated from man. Low and high mouse
brain passages were employed with CHIK virus. The other viruses were passed
only a few times in newborn mice since their original isolation.

Technical details as regards propagation of the Aedes cell lines and the main-
tenance of the cells following viral inoculation in this laboratory were previously
described (BUCKLEY, 1969a). Briefly, cells were grown in stationary tubes in the
medium of MiTsurasHI and MARAMOROSCH (1964), containing 20% inactivated fetal
bovine serum. Prior to viral inoculation, a maintenance medium with 3 % inactivated
fetal bovine serum was substituted. Replicate cultures of A. aegypti cells were
inoculated with 10-2 or 10~ dilutions of infected mouse brain suspension, whereas
cultures of the more sensitive 4. albopictus cells were infected with a 10— dilution.
Tubes containing maintenance medium without cells were inoculated for control
purposes at the same time. Preparations were assayed at intervals for presence of
virus by subinoculation into baby hamster kidney (BHK-21) cells (MACPHERSON
and STOKER, 1962). Technical details pertaining to the propagation of arboviruses
in this cell line have been described (KARABATSOS and BUCKLEY, 1967).

C. Results and Conclusion

The morphology of the Aedes cell lines was described by SINGH (1967).
No cytopathic effect (CPE) was observed under the experimental conditions
used here. Figs. 80 and 81 illustrate results obtained with the prototype strains
o’nyong-nyong and CHIK (high mouse brain passage) in both Aedes cell lines.
Viral assays of combined cell and fluid phases were carried out over a period
of one month. Figs. 82 and 83 list the data obtained with Igbo-Ora (IB10964
and IB12628) and CHIK virus (prototype, low mouse brain passage and
topotype Ib H 35, low mouse brain passage) in both Aedes cell lines. Fluid
phases only were assayed for the presence of virus over a period of up to
14 or 25 days.

In A. albopictus cells, o'nyong-nyong and Igbo-Ora viruses grow well and
can not be distinguished from CHIK virus. O'nyong-nyong and Igbo-Ora
viruses do not multiply in A. aegypti cells, however.

While o’nyong-nyong and Igbo-Ora viruses are clearly different from CHIK
virus in A. aegypti cells, they can also be separated on the basis of their growth
in newborn mice and Vero cells (YAsAMURA and KAWAKITA, 1963). As shown

1 These viruses have not as yet been described in the literature; their name

and laboratory designation are used here with the kind permission and cooperation
of the Arbovirus Project, University of Ibadan, Ibadan, Nigeria.
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Fig. 80. Growth curves of chikungunya and o’nyong-nyong viruses in Aedes aegypti cells
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Fig. 81. Growth curves of chikungunya and o’nyong-nyong viruses in Aedes albopictus

cells and medium without cells. e—e chikungunya virus in cells; o----o chikungunya

virus in medium without cells; =—= o'nyong-nyong virus in cells; o---a o’nyong-
nyong virus in medium without cells

in Table 30, o’'nyong-nyong and Igbo-Ora viruses killed mice less rapidly
than CHIK virus. As shown in Table 31, plaques produced in Vero cells
(Smmizu et al., 1967) by o’nyong-nyong and Igbo-Ora viruses are smaller
than those of CHIK virus. However, the viruses could not be distinguished
on the basis of their cytopathic effect in BHK-21 cells.

In conclusion, o’nyong-nyong virus can be clearly separated from CHIK
virus by the absence of multiplication of o’nyong-nyong virus in the Aedes
aegypti cells,

In comparative studies in mice and vertebrate cell cultures, 0’'nyong-nyong
virus produces symptoms more slowly in newborn mice and differs in plaque
morphology in Vero cells from CHIK virus.
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Table 30. Behavior pattern of viruses? in newborn mice

Virus Strain (No. of IC LD,,? Average days
mouse passages) - survival after
IP LDy, inoculation

IC IP

Chikungunya (1) Ross (17) 2.1 dex* 2.4 4.6
Chikungunya (2) Ross (175, 176) 1.6 2.0 4.4
Chikungunya Ib H 35 (6) 0.4 2.4 5.0
O’nyong-nyong MP 30 (11,12) 2.6 2.5 7.5
Igbo-Ora IbH10964 (3, 4) 2.6 3.0 8.0
Igbo-Ora IbH12628 (3, 4) 3.4 2.9 6.6

& Group A.

b JC —=intracerebral; IP = intraperitoneal.
¢ Logarithms to the base of 10.

Table 31. Cytopathic effect in BHK-21 cells and plaque morphology in Vero cells

Virus (strain) BHK-21 cells (CPE) Vero cells (plaques)
days of  rating TCDy, days of  maximum PFUa
first ap- first ap-  diameter
pearance (dex/ml) pearance (mm) (dex/ml)
Chikungunya (1) 1 4+ 9.5 2 19 9.4
(Ross)
Chikungunya (2) 1 44 9.7 2 20 9.6
(Ross)
Chikungunya 1 4+ 10.2 2 17 10.2
(IbH 35)
O’nyong-nyong 1—2 4+ 9.2 2 9 9.5
(MP 30)
Igbo-Ora 1—2 4+ 9.2 2 9 8.3
(IbH10964)
Igbo-Ora 1—2 4+ 7.7 2 8 7.3
(IbH12628)

a Plaque forming units.

Two isolates provisionally designated Igbo-Ora virus behaved like the
prototype strain o’nyong-nyong in insect cells, mice, and Vero cells. Sero-
logically, the Igbo-Ora viruses appear to be o’nyong-nyong-like (J. Davis,
personal communication).
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IIL. Growth Studies of California Encephalitis Virus in
Two Aedes Mosquito Cell Line Cultures

Erinor WHITNEY and RupoLF DEIBEL

The mouse-adapted New York strain of California encephalitis (CE) (WHiT-
NEY et al., 1969) virus grew readily on initial passage in cultures of SINGH’S
(1967) Aedes aegypti and A. albopictus cell lines. The infection persisted over
the observation period of 6 weeks. Subsequent experiments with another CE
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Fig. 84. Extracellular virus in mosquito cell cultures inoculated with N.Y.S. strain
CE virus smby, incubated at 26—28° C

strain have shown that cells on passage still produce virus and are persistently
infected. Cytopathic effects were not observed during the first and subsequent
8 passages after which the experiments were discontinued. Fig. 84 shows a
comparison of the growth of CE virus on initial passage in two Aedes cell
lines. A slight and gradual drop in titer of extracellular virus was demonstrated.
The virus titer in A. albopictus cells was 5.9 LDso/ml and generally 1 log,
higher than that observed in A. aegypti cells. In the absence of cells, no virus
was detected by the fifth post-inoculation day in the original inoculum in-
cubated at the same temperature.

The virus titers taken at the end of 7 serial weekly passages in both cell
lines were with few exceptions between 10* to 10%-% LD;,/ml.

Fig. 85 demonstrates the development of extracellular and cell-associated
CE virus in A. aegypti cells. The inoculum was 10%3 LD, giving a multi-
plicity of 4 X102 LDj,/cell. An eclipse phase of 4 hours’ duration was noted
followed by a steep increase in cell-associated virus. The curve suggests that
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a single growth cycle requires approximately 10 to 14 hrs. Extracellular virus
was usually found in slightly higher titers. Maximum titers were in the range
of 10% to 107 LD;y/ml. A second experiment with the higher input of virus
of 1.5 LDj/cell did not give higher titers after 3 to 7 days.

When A. albopictus cells were used, the results were similar, but the eclipse
phase of the virus was 8 hrs, longer than that in the A. aegypti cells.

Analysis of growth curve experiments showed that the rate of virus ad-
sorption was low: Between 0.1 to 0.3 % of the inoculum was adsorbed within
1 hr. In the first growth cycle 300 to 1500 LDy, were produced per infected
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Fig. 85. Growth of N.Y.S. strain of CE virus in dedes aegypti cells

cell. The virus was readily released from the cell and approximately 50 to 90 %
of infectivity was found in the supernatant culture fluid. A relatively higher
virus production was observed in the second growth cycle.

Giemsa-stained preparations failed to reveal any morphological changes
in mosquito cells infected with CE virus. Immunofluorescence studies indicated
that only a small fraction of the cells in a culture were infected. These cells
showed small perinuclear granules, bright cytoplasmic bodies, or diffuse cyto-
plasmic bodies, or diffuse cytoplasmic staining.

Propagation of the CE virus in the mosquito cell lines was sufficiently
great to allow these mosquito cell adapted strains to be used in comparative
studies with strains adapted to mammalian cells.



Chapter 6

Growth of Arboviruses in Arthropod Cell Cultures:
Comparative Studies

I. Preliminary Observations on Growth of Arboviruses
in a Newly Established Line of Mosquito Cell
(Culex quinquefasciatus SAY)

S. H. Hsu

During the past two years several hundred attempts have been made by
the author to establish continuous cell lines from various mosquitoes of the
Culex tritaeniorhynchus complex of Taiwan, but all resulted in failures. At-
tempts were next directed toward the establishment of cell lines from ovarian
tissue of Culex quinquefasciatus and were successful. This report describes the
development of a cell line from that source, and the susceptibility of the cells
to 9 arboviruses.

A. Establishment and Characterization of the Cell Line

Laboratory-reared 3-5 day old female adult mosquitoes, a Taiwan strain of
Culex quinguefasciatus SAY, were sterilized by immersion for 2 min in 0.25% solution
of mercuric chloride in 70% ethyl alcohol and washed twice with sterile distilled
water. Ovarian tissue was removed aseptically under a dissecting microscope and
placed in 12X 75 mm test tubes containing 0.5 ml of culture medium. The tubes
were sealed with paraffin and incubated at 28° C in a slanted position.

The medium employed was prepared as follows: Solution A (mg per 100 ml):
KCI 80, NaCl 450, CaCl, 35, MgSO, - 7H,0 40, KH,PO, 25, NaHCO, 100, lact-
albumin hydrolysate 2000, D-glucose 160, sucrose 600, TC-Yeastolate 200, Bacto-
peptone 500, I-malic acid 60, a-ketoglutaric acid 40, succinic acid 6, fumaric acid 6,
were dissolved in demineralized distilled water to a final volume of 100 ml. The pH
of the mixture was adjusted to 6.6 with KOH and sterilized by passage through
a Millipore filter unit with a pore size of 0.22 p.. Medium No. 199 (solution B) and
fetal bovine serum (solution C) were obtained from Grand Island Biological Co.
Prior to use, solution B was diluted to 1:10 without the addition of NaHCO, and
the fetal bovine serum was inactivated at 56° C for 30 min. The ratio of the volume
of the various components of the completed culture medium, A, B, and C, was 7:2:1
and for convenience has been designated as 721 medium. The final pH was adjusted
to 6.8.

Twenty-four hours after the cultures were initiated, the ovarian tissue
showed active contraction. After 12 days, cells began to proliferate from the
explant, spread out, and attach to the glass (Fig. 86). Multiplication became
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Fig. 86. Cell outgrowth from ovarian tissue of C. quinquefasciatus, 21 days after culture
in test tube. X375

more rapid after 14 days and at 21 days the first subcultures were made.
The subcultured cells continued to multiply and small colonies developed
which eventually enlarged and merged with neighboring colonies to form a
complete monolayer (Fig. 87). Serial subcultures were performed at 14-21 day
intervals during the first 3 passages, but after the third passage it became
necessary to transfer the cells every 3 or 4 days. From January 1969 until
February 1970, the cells were carried through 116 passages.

Morphologically, the cells are epithelial-like and form monolayers con-
taining two distinct cell types. The more predominant type has clear cyto-
plasm, is spindle-shaped and measures approximately 21.5x12.9 u. The other
is round, measures approximately 12.1 p in diameter and the cytoplasm is
granular. The remaining cells, seen in Fig. 87, are regarded as morphological
variations of either spindle-shaped or round cells.
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Fig. 87. Confluent sheet of C. quinguefasciatus cells in 44th passage. X480

The chromosome complement of the cells was studied 4 and 14 months
after they became established in culture, and most of the cells examined were
diploid (2n=6). This is similar to the number reported by BRELAND (1961)
who studied brain cells of C. guinquefasciatus in vivo.

B. Susceptibility to Infection with Arboviruses

Virus Stocks. The viruses! employed in the experiments were EEE, SAG, and
SIN of group A, MVE, JBE, WN, and DEN-2 and 4 of group B, and BUN. All of

! Abbreviations for arboviruses will be those used in Chapter 4, Table 23, p. 114
or in a more complete list cited in that Chapter: MCLEAN et al. (1969).
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the viruses were obtained from the collection of Naval Medical Research Unit
No. 2, and all have undergone numerous intracerebral passages in suckling Swiss
albino mice.

Table 32. Growth of arboviruses in Culex quinguefasciatus cells

Virus Age of mice  No. Virus Highest Virus
(group and used in trials inoculation titer in increase
strain) titrations culture
A Group
EEE Adult 4 5.28 Neg. —
SAG Suckling 2 4.6 6.5 1.9
SIN Suckling 2 6.3 7.0 0.7
B Group
JBE Adult 4 2.9 7.8 4.9
MVE Adult 2 3.0 4.5 1.5
WN Adult 1 <3.0 6.6 >3.6
DEN-2 Suckling 2 4.4 4.8 2.4
DEN-4 Suckling 2 4.5 6.0 1.5
BUN Group
BUN Adult 2 4.4 6.5 241

2 Figures indicate log;, of mouse IC LD;, per 0.03 ml tested in adult mouse
and per 0.01 in suckling mouse.

Virus Inoculation. Seed viruses were prepared from infected mouse brain as
20% suspensions in phosphate buffered saline containing 0.5% bovine albumin
(PBS/BA), and were stored at —70° C until used. After removal of the medium,
cell cultures in flasks were inoculated with 0.4 ml of a 107! dilution of virus suspen-
sion in medium 721. A similar virus suspension was inoculated into control flasks
containing 3.6 ml of culture medium but without cells. The controls received no
further treatment except for incubation at 37° C. After the cultures were reincubated
at 37° C with shaking at 10-min intervals for an adsorption period of 1 hr, the virus
suspension was removed, the cells were washed twice with culture medium to remove
unadsorbed virus, and 4.0 ml of fresh culture medium were added. The cells from
one of the cultures were titrated immediately in mice, and the results obtained
were designated in the growth curves as the value at time 0.

Virus Assay. The cultures were titrated for virus content after 24 and 48 hrs
incubation, and every second day thereafter for a test period of § days. At the
selected times, sterile glass beads were placed in the flask which was shaken vigorously
to disrupt the cells. Suspensions were removed, centrifuged, and serial 10-fold dilution
of the supernatant made in PBS/BA. Aliquots of the harvests were inoculated
intracerebrally in 2-3 day old mice (0.01 ml}, or 21-day old mice (0.03 ml), depending
upon which virus was used (Table 32). The control cultures, except for the addition
of glass beads, were treated similarly. The mice were observed daily and the 50%
mortality end point (MICLD,,) was estimated by the method of REED and MUENCH
(1938).

Results. This preliminary study has shown that all of the viruses tested,
except EEE and SIN, were able to propagate in C. guinquefasciatus cell
cultures in various degrees. The growth curves for the 9 viruses are shown
in Figs. 88-96.
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JBE (Fig. 88) propagated rapidly and reached a maximum titer of 107
MICLD,, on the fourth day, a level 100,000 times greater than that of
the inoculum. After the fourth day, however, the titers decreased rapidly.

10 C.T. in Microbiology, Vol. 55
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The propagation of WN (Fig. 89) also reached the maximum at four days
exhibiting a 4000-fold increase greater than the initial titer. The titer de-
creased by the sixth day and remained elevated until the eighth day. BUN
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(Fig. 90) multiplied rapidly during the first day, reached a maximum by the
fourth and sixth days, and decreased on the eighth day. DEN-2 (Fig. 91)
and MVE (Fig.92) demonstrated maximum replication after 24 hrs but
decreased thereafter. DEN-4 virus (Fig. 93) on the other hand showed an
initial decrease in titer on the first and second day, followed by a 32-fold
rise by the fourth day, and a sharp decrease again on the sixth day.

The three group A viruses, SAG, SIN, and EEE, did not grow well in
the presence of C. quinguefasciatus cells. SAG (Fig. 94) multiplied for 2 days,
then decreased rapidly and finally the titers decreased to a level below that
of the initial inoculum. SIN (Fig. 95) and EEE (Fig. 96) completely failed
to multiply and the survival of these viruses in the presence of mosquito
cells was almost identical with viruses in the control medium without cells.

In the control cultures only DEN-4 and SIN viruses exhibited moderate
rises in titer above the initial inoculum. The titers of all other viruses in
the control cultures, for the most part, decreased rapidly. None of the viruses
appeared to produce cytopathic effects upon the cells during the period of
study.

Acknowledgment. The author is indebted to Captain R. H, WaTTEN, MC, USN,
Commanding Officer of Naval Medical Research Unit No. 2, and Dr. J. H. Cross,
Head of the Department of Medical Ecology, for encouragement and helpful sug-
gestions. This work would also not have been possible without the able technical
assistance of Mr. W. H. Mao, Miss M. S. Huang, Miss S. Y. L1, and Mr. J. R. Wane.
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I1. Attempts to Grow Tacaribe and Junin Viruses
in GRACE’s Continuous Line of Moth Cells

WirriaMm D. HANN and RoBERTSON B. CLARKE

SuITOR’s (1966b) success in propagating JBE in GRACE’s moth (Antheraca
eucalypti) cell line suggested that it might be desirable to determine if this
line could support the growth of viruses of the TCR group.

Cells were grown by SUITOR in GRACE’S insect cell culture medium (GMA)
(GRACE, 1962) with 10 mg/ml bovine plasma albumin and 10% Awntheraea

Tacaribe TR 11573 in
Antheraea eucalypti cells

e—oe Virus titer

g \0—0 Virus in medium w/o cells
€
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Fig. 97. Survival of TCR in GRACE's moth (Awntheraea eucalypti) cell line. The open
circles show the virus in medium without cells. Virus was detected at 21 days but not
at 28 days

pernyr hemolymph. Virus strains available as early passages in laboratory
animals were selected. Our strain of TCR (TR 11573) had 20 mouse passages
and one hamster passage. JUN strain RC had 12 mouse passages and JUN
strain MC2 had only 3 mouse passages.

Ten percent viral mouse brain suspension was diluted to 10-2 in GMA
for inoculation of the cell cultures which were incubated at 28° C. Samples
were taken periodically up to 6 weeks and stored at —70° C. Virus was titrated
by intracerebral inoculation in one-day old suckling mice and by plaquing
in Vero cell (YAsaMURA and KAWAKITA, 1963) monolayers.

TCR survived for approximately one week in the medium alone, but
minimal amounts of virus persisted for 21 days when associated with cells.
These results, obtained by mouse, titration are depicted in Fig. 97. Virus
could not be detected from 21-42 days, when the experiment was terminated.
When the harvests were titrated in Vero cells comparable results were obtained.

JUN, RC strain, gave similar results (Fig. 98) but the MC2 strain (Fig. 99)
did not show significantly increased survival time over virus contained in
the medium alone.
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PAroDI1 and others (1966) have reported that JUN is inactivated after
3 days at 25°C and this agrees with other unpublished studies. Although
we were unsuccessful in propagating any of the TCR group in moth cells,
we feel that the increased survival of the virus in the presence of the cells
suggests a possible use for the cells for unrefrigerated transport of virus,
similar that to suggested by WokE and ROSENBERGER (1957).

Others (CoNVERSE and NAGLE, 1967; YUNKER and CoRy, 1968a) have
reported the ability of these cells to support the growth of various arbo-
viruses after the cells were adapted to hemolymph-free medium. The adapted
cells are totally different cells; thus the role of hemolymph might be of im-
portance in virus survival in nature in insect hosts not propagating that virus.

Acknowledgment. E. C. SUITOR, Jr. provided the cells and collaborated in these
studies.

III. A Comparative Study of the Viral Susceptibility
of Monolayer and Suspended Mosquito Cell Lines

B. H. SWEET and H. D. UNTHANK

Our studies were first performed with suspended cell cultures, utilizing
GRACE's line of A. aegypti (1966) cloned and adapted to grow in a hemo-
lymph-free medium (Suiror et al., 1966a; F. J. Paur, unpublished work)
and C. tnornata and A. vexans lines developed in our laboratories. In Table 33
are shown the viruses used and mouse passage levels employed. Replicate
cultures containing 35000 cell/ml in GRACE’S medium (1962) with 10% fetal
calf serum were inoculated at time 0. The number of tissue culture infective
doses (TCIDj;) used was determined by observation of the cytopathogenic
end point of a dilution series inoculated into roller tube cultures of a stable
line of porcine kidney cells (PS-Y15). Tubes containing no cells, but inoculated
with the same dose of virus, were kept as controls and handled in a similar
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Table 33. Viruses used in suspended mosquito cell cultures

Virus and Mouse passage level TCID,,/0.1 ml in Virus/cell ratio
strain designation PS-Y15 cells at time zero
EEE, Mass 463 9.0 3000:1
CE, BFS-283 20 6.5 10:1
CV, Original 10 6.5 10:1
SLE, Hubbard 103 6.5 10:1
JBE, Nakayama 44 7.0 30:1
8.0 rCEo
Cvea
7.0 | — Control
6.0 ——- Experimental
* Theoretical titer
50 based on
540 dilution only
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301 o
a R .
o 20K I~ \k *
= ~
S 1o . -
-~ 0 | [ J | ! 1\9\\ ‘i
o
= 60 JBE
KA
Z 50 A\ No-—— o
) AN
240 AN
> A
3.0
2.0 - \.
*
1.0
oL 1 i | | | | ! I VI
Gy
0 2 3 &4 5 60 2 3 4 5 6
Weeks
Fig. 100. Propagation of various arboviruses in C. inornata suspended cell cultures
at 28°C

manner. Inoculated cultures and control tubes were maintained for 6 weeks
at 28° C. At weekly intervals one-half the medium was withdrawn for viral
assay and replaced with fresh medium.

Results obtained with C. inornata cells are given in Fig. 100. Similar results
were obtained with A. vexans and A. aegyp#i cell lines. Evidence of low level
viral multiplication was obtained only with SLE and JBE. We found no
changes in viable cell counts over the period of these experiments. If cyto-
pathic effect (CPE) occurred, it was not obvious. Somewhat similar studies
with selected dengue viruses have thus far been negative.

With the availability of the monolayer lines developed by SINGH (1967)
and PELEG (1966), we carried out studies with both unadapted and mouse
adapted strains of several arboviruses. Table 34 shows results of studies with



152 B. H. SWEET and H. D. UNTHANK:

Table 34. Evidence of multiplication of SLE viruses in monolayer cultures of A. aegypti
and A. albopictus cell lines

Virus strain Titer in  Results of titration in Titers of inocula
and designation PS-Y15  indicated cell line and harvests
cell line CPE, and  virus virus
highest input  yield
dilution
positive
SLE, mosquito pool, Singh 4. a. 0 10302 >108.52
NCDC TH438C 10710 Peleg A. a. 0 10302 > 10858
Singh A. albo -+, 10740
SLE, fox isolate, Singh 4. a.
mouse passage 1 10778 Peleg A. a.
Singh A.albo -+, 10785
SLE, Hubbard, Singh 4. a. 0 10450 <1020
mouse passage 124 10765 Peleg A. a. 0 10%-50 1040
Singh 4. albo 0 1038 =108-5

a Determined in A. albopictus cells.
b Determined in PS-Y15 cells.

SLE and PEeLEG’Ss and SINGH’S lines. Three different preparations were em-
ployed—a known positive infectious mosquito pool supplied to us by the
National Communicable Disease Center (NCDC), a first mouse-passage (MP-1)
of SLE isolated from a fox brain supplied to us by the California State Depart-
ment of Health, and the standard Hubbard strain in MP-124. Cultures were
inoculated with serial dilutions, incubated, and observed for 10 days. The
tissue culture fluid from a given dilution was harvested and titrated in either
A. albopictus or PS-Y15 cells. The infected mosquito pool and MP-1 produced
cytopathology with excellent yields of virus in SINGH’S A. albopictus cells only.
No CPE was observed in either A. aegypti line. However, by comparing
titrations of viral inoculum and harvests (Table 34) there was definite evidence
of multiplication of “wild virus”’ in both 4. aegyp#i cell lines. Mouse passaged
(Hubbard) virus produced no CPE and showed a significant level of multi-
plication only in SINGH’S line of A. albopictus.

The role of mouse passage in determining the occurrence of CPE with
some viruses was further demonstrated with studies of dengue (DEN) viruses.
Utilizing DEN-1 strains in the form of several acute phase human sera and
mouse adapted virus at various passage levels, the extent of viral growth
in A. albopictus cells was studied (Table 35). Titrations were performed by
plaquing in PS-Y15 cells or by inoculation of mice, and/or in A. albopictus
cell lines, depending upon the virus used. Marked cytopathology and excellent
titers were found in 4. albopictus cells with unadapted virus and virus that
had been passaged 5 times in mice. Further, a virus subline which exhibits
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Table 35. Growth of DEN-1 strains in SINGH'S line of A. albopictus cells

Description of Plaque titer; Mouse titer; TCID;,/0.1 ml

DEN-1 strains log no. plaques/ i.c. in 4. albopictus
0.1 ml in PS-Y15 cells

Human acute

phase sera Neg. 41—5.12 =5.5—6.5

Mouse pass. 5 3.0 5.42 5.5

Mouse pass. 24 3.0 5.6P Neg.

Mouse pass. 124 4.5 6.6 Neg.

@ Log IDe/0.1 ml in suckling mice.
b Log ID;,/0.1 ml in weanling mice.

even greater virulence for this cell line has been established from some of
these starting seeds. Despite numerous attempts and manipulations with viral
inputs, media, and cell/virus ratios, we were not able to demonstrate any
marked CPE that could be passed when we used virus that had undergone
24 or more passages in mice. Prototype mouse adapted DEN-3 and 4 viruses
have also failed to yield CPE in our 4. albopictus cells. On the other hand,
we have demonstrated that mouse passaged DEN-1 and DEN-4 strains do
multiply in 4. albopictus cells as determined by plaquing of harvests in PS-Y15.
We have not been able to show this for mouse passaged DEN-3.

In contrast to the results with DEN-1, 3 and 4, all type 2 strains we have
tested, regardless of stage of adaptation to mice or vertebrate tissue culture,
and including acute phase sera, multiplied and produced marked CPE in
A. albopictus cells. Mouse and tissue culture titers were similar (Table 36).
Type 2 mouse-adapted DEN virus also multiplied in PELEG’s and SINGH’S
A. aegypti lines without concomitant CPE.

The remaining viruses used in the initial studies with suspended cell lines
were also tested for their ability to replicate in the monolayer lines. Table 37

Table 36. Cytopathogenic effects of DEN-2 strains in SINGH'S line of A. albopictus

cells
Designation of Plaque titer; Mouse titer; TCIDg,/0.1 ml
dengue strain log no. plaques/ i.c. in 4. albopictus
0.1 ml in PS-Y15 cells
Human acute
phase sera Neg. <3.0% 3.5—=5.5
NG “C” MPj3 4.0 4.0
NG “C” MP26 6.0 6.6b 6.5—7.5
TH—36 MP24 5.0 6.4 >5.5
TR-1751 6.0 6.6° 6.0

2 Log ID,,/0.1 ml! in suckling mice.
b Log ID;/0.1 ml in weanling mice.
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Table 37. Multiplication of several arboviruses in Aedes cell lines in monolayer cultures

Virus and Mouse Viral Virus yield in indicated cell lines2
designation passage input

no. (log.) SINGH 4.a. SINGH PELEG A. a.

A. albo

WEE MP-1 4.0 < 4.0 =6.5 6.5
WEE MP-28 4.0 4.5 =>6.5 5.0
EEE MP-46 5.0 <5.0 6.0 <5.0
CE MP-20 4.5 5.0 >6.5 4.5
(BSF261)
Cv MP-10 4.5 4.0 6.5 5.5
JBE MP-24 4.0 4.0 >9.5+CPE 4.5

a Log TCID;,/0.1 ml in PS-Y15 cells.

summarizes the findings. With the one exception noted, no CPE was observed
over a 10 day period following inoculation in these cell lines. Therefore,
harvests were titered in PS-Y15 cells to determine if multiplication had
occurred. With WEE, multiplication to a significant degree occurred with
both early and late passage virus in 4. albopictus cells and in PELEG’S A. aegypti
The former line appeared to be the more sensitive. Mouse passage 46 of EEE
showed a low level of multiplication (10-fold) in A. albopictus cells only. The
prototype mouse adapted CV multiplied in A. albopictus cells and to a lesser
degree in PELEG’S line of A.aegypti. Mouse passaged JBE was markedly
cytopathogenic for A. albopictus cells and titers were routinely 10%%/0.1 ml.
In this respect this virus behaves differently than SLE and mouse-adapted
types 1, 3, and 4 dengue. It behaves, instead, like dengue-2. This virus failed
to multiply significantly in the A. aegypts lines.

Acknowledgment. This work was supported in part by U.S.P.H.S. Grant No. 4
R-22 TA 08208-02 and the Louisiana State Science Foundation.



Chapter 7

Growth of Viruses in Arthropod Cell Cultures:
Applications

I. Attenuation of Semliki Forest (SF) Virus in Continuously
Cultured Aedes aeg ypti Mosquito Cells (PELEG) as a Step
in Production of Vaccines

J. PELEG

The fact that some of the most widely employed vertebrate cells for the
production of human vaccines might be contaminated with various viruses,
including the highly pathogenic B virus and the SV,, hamster tumorogenic
viruses (HILLEMAN, 1969), led us to investigate the possibility of utilizing
cultured mosquito cells for human vaccine production.

The mosquito cells employed in these studies were derived from Aedes
aegypti embryos. The culture medium, and the techniques employed in con-
tinuous cell culture, were reported in detail elsewhere (PELEG, 1969b). These
cells were found to be free of detectable contaminating agents. This finding
was not unexpected since (a) mammalian viruses are not transmitted trans-
ovarially in mosquitoes to their embryos (CHAMBERLAIN and Subpia 1961),
and (b) the cells were cultured in a medium free of invertebrate hemolymph, a
potential source of contamination. Furthermore, these cells have not acquired
malignant properties even after 130 passages (tested by inoculating newborn
hamsters and mice with cells), as was reported to happen with continuously
cultured vertebrate cells (HAYFLICK and MOORHEAD, 1961).

The arboviruses which we attempted to attenuate were Semliki Forest (SF)
in group A, and West Nile (WN) and Japanese B encephalitis (JBE) in group B.

The passage history of these viruses was unknown, but all of them have under-
gone at least 15 mouse brain passages in our laboratory. Virus passage was initiated
by inoculating tube cultures of mosquito cells with 0.1 ml of mouse brain virus
suspensions containing about 10°> mouse LD;,. Pre- and post-infected cultures were
incubated at 28° C. Serial passage of virus was carried out at intervals of 3-5 days,
by inoculating fresh mosquito cell cultures with 0.1 ml of culture fluid from previous
passages. To detect changes in virus virulence, fluids harvested after each 5 passages
were titrated in suckling mice by the subcutaneous (SC) and in adult mice by the
intracerebral (IC) routes of infection using 0.03 ml as an inoculum. The LDy, of
the virus was calculated by the method of REED and MUENCH (1938). Loss of viru-
lence for adult mice following IC inoculation was taken as an indication of virus
attenuation.
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JBE and WN have undergone 47 and 62 mosquito cell passages respec-
tively, but both remained virulent for adult mice. On the other hand, SF
lost virulence for adult mice inoculated IC after 20 serial passages, but re-
mained virulent for suckling mice by all routes of inoculation. The gradual
loss of virulence of the SF virus for adult mice is shown in Fig. 101. Virus,

Fig. 101. The effect of serial passage of Semliki Forest virus in Aedes aegypti cells upon
virulence for suckling and adult mice

although avirulent, was present in the brains of inoculated adult mice. This
was demonstrated by inoculating suckling mice with brain suspensions
prepared from these mice, and by their resistance to challenge with virulent
SF virus.

The properties of the attenuated SF virus and virulent SF viruses are
compared in Table 38. Both viruses were virulent for suckling mice, but the

Table 38. Comparison of properties of parent

Virus In vertebrates (virulence)
mice hamsters chick
embryosa
suckling adults suckling adults
Parent + -+ -+ —+ +
Attenuated + — + — —

a Inoculated into the chorioallantoic membrane.
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attenuated virus became avirulent for adult hamsters and adult mice. The
attenuated virus was avirulent for 11-day-old chick embryos inoculated by
the chorioallantoic route, whereas embryos of the same age were highly
susceptible to infection with parent virus. Both viruses could produce cyto-
pathic effects (CPE) and plaques in chick fibroblast cell cultures, but the
plaques produced by the parent were about 7 mm in diameter whereas the
attenuated virus produced plaques measuring about 3 mm or less (Fig. 102a
and b). Aedes aegypti mosquitoes supported the proliferation of both viruses
to the same extent. Virus transmission by the mosquitoes infected with the
attenuated virus was lifelong, whereas mosquitoes infected by the virulent
parent virus ceased to transit it at more advanced stages of infection, due
to salivary gland damage. The attenuated virus was inactivated at 56°C
after 60 min, whereas the parent virus was inactivated after 90 min.

The immunizing capacity of the attenuated virus was tested by: (1) chal-
lenging vaccinated animals with the virulent SF virus, and (2) testing the
sera of vaccinated animals for neutralizing antibodies.

Vaccination was performed with the virus progenies of the 22d and 23rd serial
mosquito cell passages, using adult mice and adult hamsters. Animals were inoculated
either IC with a single dose of the attenuated virus, or intraperitoneally (IP) with
one or two doses of the virus, administered 7 days apart. The volumes inoculated
IC into mice and hamsters were 0.03 and 0.05 ml, respectively, and 0.1 ml IP.
Fourteen days later, most of the animals were challenged by the IC route with
5000-10,000 LD;, of the parent virus. The remaining mice were bled, and their
sera tested for neutralizing antibody.

Intracerebral inoculation of mice with undiluted attenuated virus, or of
hamsters with a dilution of 1:10 protected them against the challenge virus
(Table 39). As virus inoculum was diluted, its efficiency as a protective agent
decreased, and mice inoculated with a dilution of 10~% were susceptible to
the challenge virus to the same extent as unvaccinated control mice.

Mice inoculated IP with 2 doses of undiluted virus, or hamsters receiving
a single dose of virus diluted 1:10 were also protected against the challenge
virus (Table 40). Dilution of the virus inoculum resulted in decreased potency
in protecting animals. The inoculation of a second dose of the attenuated
virus did not greatly increase protection against the challenge virus over
that observed after a single vaccination.

and attenuated SF virus

In monolayers In mosquitoes In vitro

(chick embryo (A. aegyph)

fibroblasts) Time required for in-
_ proliferation transmission activation

plaque size at 56°C

7 mm -+ -+ 90 min.

3 mm + + 60 min.
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b

Fig. 102a and b. Plaques produced by Semliki Forest virus on chick embryo cell mono-
layers. a Parent strain. b Attenuated strain

The immune response to vaccination by attenuated virus was more pro-
nounced when the sera of vaccinated animals were tested for neutralizing
antibodies.

Prior to test, sera were heated to 56° C for 30 min. In neutralization tests,

constant serum versus varying doses of the parent SF virus was employed. The
virus-serum mixtures were incubated at 37° C for 45 min, then titrated either in
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Table 39. Challenge of intracerebrally vaccinated animals?

Animals Dilution of Survival after challenge Per cent
vaccinated attenuated (dead/total inoculated) protection

virus

unvaccinated vaccinated

Mice 1070 60/60 0/342 100

1071 60/60 98/323 70

10-2 30/30 113/140 19

10-3 30/30 155/155 0
Hamsters 1071 9/9 0/24 100

2 The animals were challenged IC with 5000—10,000 mouse LDy, of virulent
SF virus 14 days after inoculation with the attenuated virus. The results of
three separate experiments are combined.

Table 40. Challenge of intraperitoneally vaccinated animals?

Animals Vaccination Survival after challenge Per cent
vaccinated (dead/total inoculated) protection
no. of in- dilution
oculations  of virus unvaccinated vaccinated
Mice 1 10-0 12/12 16/108 85
101 30/30 71/212 66
10-2 16/16 82/107 23
2D 100 16/16 0/240 100
1071 12/12 30/120 75
10-2 10/10 52/80 35
Hamsters 1 1071 9/9 0/24 100

@ The animals were challenged IC with 5000-10,000 mouse LDy, of virulent
SF virus 14 days after the last inoculation with the attenuated virus. The results
of two separate experiments are combined.

b Administered 7 days apart.

suckling mice by SC, or in 18-day-old mice by IP routes. In control experiments,
antiserum was replaced by normal serum from the same animal species. The neu-
tralization index of each antiserum was calculated by subtracting the LDy, obtained
in its presence from that obtained in control experiments.

Regardless of the route of inoculation, the number of doses administered.
animals vaccinated with undiluted virus or with a dilution of 1:10, produced
antibody sufficient to neutralize between 10° to 108 mouse LDj, of the virulent
SF virus (Table 41). The immune state elicited by the attenuated virus lasts
for prolonged periods. Hamsters bled 40 days after vaccination, yielded similar
high levels of antibodies. Immunity was induced only by the living virus,
heat inactivation abolished its immunizing capacity.

Propagation of attenuated SF virus in intact A. aegypti mosquitoes was
next investigated to learn whether the virus is capable of proliferating in
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Table 41. Levels of neutralizing antibodies in the seva of vaccinated animals®

Animals Immunization SF virus titer? Serum

vaccina- — in the presence of neutrali-

ted route of dilution of no. of zing
inoculation virus inoculations immune normal index®

serum serum

Mice IC 10790 1 4.0 9.3 5.3
IP 107 2 3.0 9.0 6.0
Hamsters P 101 1 4.0 9.5 5.5
IP 10-1 2 30 95 6.5

2 The animals were inoculated with the attenuated SF virus and bled 14 days
later. Their sera were tested in neutralization experiments, using suckling mice.

b Log LD;,/0.1 ml.

¢ Titer in the presence of immune serum subtracted from that obtained in
the presence of normal serum.

mosquitoes, and if so, whether it retains its attenuated properties, or it
reverts to virulence.

To answer these questions, 4. aegypti mosquitoes were allowed to feed on
viremic suckling mice inoculated 48 hrs before with the attenuated SF virus.
Subsequently, at various intervals suckling as well as adult mice were exposed
to bites of these mosquitoes. Then the mosquitoes were triturated, and the suspen-
sions were titrated by the SC route in suckling mice and IC in adult mice.

Suckling mice, exposed to the bites of infected mosquitoes died regularly
as a result of virus transmission, whereas all the adult mice, employed in
transmission experiments, remained alive (Table 42). Suspensions prepared
from infected mosquitoes killed suckling mice in high dilutions. On the other
hand all the adult mice, including the ones inoculated with undiluted sus-
pensions, survived, and were resistant to IC challenge of about 500 LDy, of

Table 42. Properties of attenuated SF virus propagated in A. aegypti mosquitoes®

Days after Mice exposed to Virus content
infection infected mosquitoes of mosquitoesP

suckling adult

0 not tested not tested 4.8

7 died . 6.7

14 died survived, 6.3
. resistant

21 died to challenge C 6.6

26 died & 6.4

& Mosquitoes were allowed to feed on viremic suckling mice and at intervals
allowed to feed on normal mice.

b Determined by SC inoculation of suckling mice. Log LD,,/0.1 ml.

¢ IC with 500 LD;, of parent virulent virus.
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virulent virus. The experiments provide evidence that association of attenuated
virus with 4. aegypti mosquitoes did not cause reversion to virulence.

In conclusion, the preliminary results presented here indicate that in
certain cases mosquito cells can be utilized for the attenuation of arboviruses
and that the attenuated viruses may serve as good immunogens. The safety
of mosquito cells for vaccine production, tested by the methods at present
available, may be greater than vertebrate cells, but whether they contain
some hitherto unknown substances or contaminants which might adversely
affect human beings, remains to be investigated.

Acknowledgment. This investigation was supported by Research Grant 06-325-01
from the U.S. Public Health Service, Bureau State Services.

IL. Cultivation of Oncogenic Viruses in Mosquito
Cells in Vitro

J. REnaceg, T. Doran, K. THoMPSON, R. G. FISCHER, Z. REHACEK,
and H. Jounson

During the last few years studies have been conducted on the role of
arthropods as vectors of oncogenic viruses. In our laboratory insects were
studied as vectors of murine leukemia virus, murine sarcoma virus and a
reticuloendotheliosis virus causing avian leukemia. Preliminary results indi-
cated that certain insects in some instances can act as mechanical vectors
of these viruses. To complement these studies experiments were performed
i vitro to determine if cultured mosquito cells can serve as host cells for
the replication of oncogenic viruses.

A. Materials and Methods

Viruses. Friend leukemia virus having an unknown number of passages in
BALB/c mice, murine sarcoma virus (Moloney-RP) in its 121st passage in suckling
mice and reticuloendotheliosis virus, strain T, in its 35th passage in White Rock
chicks, were used. Plasma or tumor extract from infected animals were used as
the cell culture inoculum.

Mosquito tissue cultures. Aedes albopictus cell line derived by SINGH (1967)
was obtained in the 61st passage from Dr. YUNKER. An additional 14 passages
were made during these experiments. The medium used was HLH, consisting of
lactalbumin hydrolysate in Hanks’ salts (Grand Island Biological Co.), 0.1% bovine
albumin (Fraction V), and 10% fetal calf serum with antibiotics. All cultures were
incubated at 28° C.

Infection of tissue cultures and virus assay. Mosquito tissue cultures which
hiad not formed complete monolayers (approximately 6x10% cells/ml) were infected
with varying concentrations of viruses. The cells were not washed after inoculation.

Samples of culture media and cells were assayed for virus daily during the
first week, then at 3-7 day intervals until the end of the second month following
inoculation.

Friend virus infectivity titers were determined in 3-4 week-old BALB/c mice
by intraperitoneal (IP) inoculation. The response to Friend virus infection was
determined by spleen focus formation, splenomegaly and death of mice (CHIRIGOS

11 C.T. in Microbiology, Vol. 55
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et al., 1967). The mice were sacrificed 3 weeks following infection, dissected spleens
were weighed and immersed in fixative for about 2 min to expose foci.

The T strain of reticuloendotheliosis virus titer was determined in a similar
manner. The samples of 0.1 ml were injected IP into test chickens. Three weeks
later, the surviving animals were sacrificed, autopsied and examined histologically
for specific changes in the spleen and liver.

Stocks of murine sarcoma virus contain leukemia virus and a mixture of com-
petent and defective sarcoma virus (O’CoNNOR and FISCHINGER, 1968). Two virus
particles are necessary for focus formation, the murine sarcoma genome and a
leukemia virus (HARTLEY and ROWE, 1966). The sarcoma genome is defective
and requires the murine leukemia virus to supply the protein coat to become in-
fectious. To assay for the replication of the defective sarcoma virus in mosquito
cells, samples of culture medium or cells were assayed in secondary NIH Swiss
mouse embryo cell cultures with added Rauscher leukemia as a helper virus to
recover defective virus (FISCHINGER and O’CONNOR, 1968). Competent murine
sarcoma virus does not require helper leukemia virus for focus formation. The
competent virus can be considered as two packets of nucleic acid (the sarcoma
and the leukemia genomes) surrounded by a common membrane. The virus is
detected without helper virus by direct assay in Swiss mouse embryo cells.

In two experiments, mosquito cells infected for 9 or 25 days with mouse sarcoma
virus were co-cultivated with normal secondary mouse embryo cells. The experiments
were performed in a manner similar to that used for “rescue’ of sarcoma virus from
infected hamster cells (HUEBNER et al., 1966). Mosquito cells were removed from
the tissue culture flasks by scraping with a rubber policeman and primary mouse
cells were detached from vessels by the use of trypsin. Approximately 5.0 X 10° cells
of each type were planted into plastic dishes (Falcon Plastics). The medium was
modified McCoy’s 5A with 15% fetal calf serum (Grand Island Biological Co.).
As a control 1.0 X10% mosquito cells were planted into the dishes without mouse
cells. At the time of the planting, all dishes were divided into two groups, with
one group receiving an additional 0.1 ml of a 1:5 dilution of Rauscher leukemia
virus. Cultures were incubated at 28° C for 24 hrs and placed in a 35° C incubator.
After 7 days, fluids were removed and frozen at —70° C, the media replaced and
fluids again harvested after one month.

B. Results

Friend virus was found to persist in mosquito cell culture up to 5 days
following inoculation (Table 43). The period of persistence correlated with
the amount of virus inoculated. When cultivating the virus in growth medium
without cells similar results were observed. Virus titers gradually decreased
in the mosquito cells as well as in the control medium. In no case did the
virus yield from tissue cultures exceed the virus inoculum.

The same results were obtained in 6 experiments with murine sarcoma
virus. Titers of murine sarcoma in A. albopictus cells rapidly decreased and
virus was not generally detected after 24 hrs of inoculation. Thermal in-
activation of the virus occurred in 24 hrs when placed in cell-free growth
medium. Co-infection of samples with Rauscher leukemia virus in the assay
system failed to reveal replication of the defective virus.

In the experiments using combined mouse and mosquito cultures, it was
noted that the mosquito cells grew very well for about 14 dayswith thesecondary
mouse embryo cells. At this time the control cultures of mosquito cells alone
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degenerated rapidly as did the mosquito cells co-cultivated with mouse cells.
The mouse cells then formed a monolayer and did not show any cytopatho-
logical changes. All fluids harvested from the various cultures were found
to be negative when assayed for sarcoma virus.

Similar results were obtained with reticuloendotheliosis virus, T strain,
in four experiments. The samples were assayed for 60 days after the inoculation
of mosquito cultures. All samples were negative for virus.

Acknowledgment. This study was conducted under Contract PH43-66-8 within
the Special Virus Cancer Program of the National Cancer Institute, NIH, USPHS.

III. RNA of Uninfected and Sindbis Virus-Infected
Aedes albopictus Cells

VIcTOR STOLLAR, THOMAS M. STEVENS and THOMAS SHENK

Little is known of the sequence of biochemical events of arbovirus replica-
tion in insect cells. Therefore, we have begun to examine the properties of
ribonucleic acid (RNA) extracted from uninfected and Sindbis virus infected
Aedes albopictus (SINGH) cells. STEVENS (1970) has described the growth of
Sindbis virus in this cell line. Although no obvious ill effects were produced
on the cells, infectious titers as high as 10® plaque forming units (pfu) per ml
were obtained.

A. Properties of RNA Extracted from A. albopictus Cells

RNA was extracted from monolayers of mosquito cells by the hot phenol
method of SCHERRER and DARNELL (1962) and fractionated by sucrose gradient
centrifugation. Vertebrate cells contain three species of RNA separable by
sucrose gradient centrifugation: the 28S and 18S ribosomal RNA and 4S
transfer RNA. On the other hand, 4. albopictus RNA extracted with hot
phenol shows only two RNA species (Fig. 103).

The sedimentation coefficients of the two A. albopictus RNA species were
estimated by comparison in sucrose gradients with ribosomal and trans er
RNA obtained from a hamster cell line, BHK-21 (Fig. 104). Mosquito cells
were labeled with ®H-uridine for 24 hrs and the hamster cells with 4C-uridine
for the same period. The cells were mixed and the RNA extracted with hot
phenol. The hamster cell RNA contained the expected 28S, 18S and 4S species.
The mosquito cell RNA contained 18S and 4S species. The 28S ribosomal
RNA was not observed.

Similar observations were described for RNA extracted from silk moth
pupae, Hyalophora cecropia (APPLEBAUM et al., 1966) and from Drosophila
virtlts (GREENBERG, 1960). In both cases “285 RNA " could be demonstrated
with gentler methods of extraction. Accordingly, RNA was extracted from
A. albopictus cells with sodium dodecyl sulfate (SDS) at room temperature
(BEckER and JOKLIK, 1964). The RNA product of this extraction was frac-
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Fig. 103. Sucrose gradient centrifugation of A. albopictus cell RNA extracted by the
hot phenol method. Centrifugation was in the Spinco SW25-1 rotor at 23,000 rpm for
16 hrs at 4° C. The sucrose gradient was 5—20% w/w
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Fig. 104. Sucrose gradient centrifugation of C-uridine labeled RNA from BHK-21 cells

and ®H-uridine labeled RNA from A. albopictus cells. Cells were labeled for 24 hrs,

mixed and extracted together using the hot phenol method. The conditions of centri-
fugation were as described in the legend to Fig. 103
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Fig. 105. Sucrose gradient centrifugation of SDS-extracted RNA from the cytoplasm

of A. albopictus cells. Cytoplasmic RNA was extracted by the method of BECKER and

JokLik (1964) using only SDS. Centrifugation was in the SW 25-1 rotor at 19,000 rpm
for 18 hrs at 22° C. The sucrose gradient was 15-30% w/w and contained 0.5 % SDS
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Fig. 106. Sucrose gradient centrifugation of 4C-uridine labeled cytoplasmic RNA from

BHK-21 cells, and *H-uridine labeled cytoplasmic RNA from A. albopictus cells. Cells

were labeled for 24 hrs, and extracted separately using only SDS. RNA from the two

cell types were mixed and examined in a single sucrose gradient. The conditions of
centrifugation were as described in the legend to Fig. 105
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tionated on sucrose gradients containing SDS. With this extraction procedure,
A. albopictus cells were found to contain the expected three major types of
cellular RNA, including the 28S species (Fig. 105).

To confirm the sedimentation values observed for the RNA species isolated
from the mosquito cells, an experiment was performed with a mixture of
RNA extracted with SDS derived from *H-uridine labeled A. albopictus cells
and “C-uridine labeled BHK-21 cells (Fig. 106). The 18S RNA from the
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Fig. 107a-c. Sucrose gradient centrifugation of RNA from Sindbis virus-infected 4. albo-
pictus cells. Monolayers of 4. albopictus cells were infected with Sindbis virus, and 24 hrs
later treated with actinomycin D. After 1 hr exposure to actinomycin, cells were labeled
with 3H-uridine for 10 min (a), 40 min (b) and 420 min (c). RNA was extracted by the
hot phenol method. Centrifugation was in the SW 25-1 rotor at 22,000 rpm for 16 hrs
at 4° C. The sucrose gradient was 5-20% w/w

mosquito cells co-sedimented with the hamster cell 185 RNA, whereas the
28S mosquito cell RNA sedimented slightly more slowly than the BHK-21
28S RNA. These experiments show that A. albopictus cells do contain a 28S
RNA but it is much less stable than that extracted from mammalian cells.
This is the first report of an unstable 28S RNA in established mosquito cell
lines.

B. Properties of Sindbis Virus-specific RNA Extracted from
Infected A. albopictus Cells

Viral RNA synthesis in A. albopictus cells infected with Sindbis was
measured in the presence of actinomycin D. It was demonstrated in a pre-

liminary experiment that actinomycin D inhibited well over 90 % of A. albo-
pictus cell RNA synthesis.
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To study the sequence of viral RNA synthesis, 4. albopictus cells were
infected with Sindbis virus for 24 hrs, treated with actinomycin D for 1 hr,
and then labeled with *H-uridine for varying periods of time. RNA was
extracted with hot phenol and examined on sucrose gradients. RNA from
cells labeled for 10 min contained two small peaks (4S and 12-14S) encoun-
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tered also in uninfected actinomycin treated cells. Two larger RNA species
with sedimentation coefficients of approximately 22S and 32S were found
only in the infected cells (Fig.107a). The 32S peak showed considerable
trailing on the heavy side. When fractions of this gradient were treated with
ribonuclease, a ribonuclease-resistant peak was found directly under the 225
peak. This peak is presumably the double-stranded replicative form of viral
RNA (FRANKLIN, 1967).

The sucrose gradient pattern of RNA from cells labeled for 40 min is
shown in Fig. 107b. Three major virus-specific RNA peaks were observed,
the 225, 32S and 42S RNA. In this gradient there was no trailing on the
heavy side of the 32S RNA. The 42S RNA probably represented newly syn-
thesized mature viral RNA.

The sucrose gradient pattern of RNA from cells labeled for 7 hrs (Fig. 107¢)
is very similar to that observed at 40 min except that the amount of each
species was increased. The 22S RNA peak was the most prominent and
retained its ribonuclease resistance. In another experiment, not shown, it was
demonstrated that all the RNA peaks were degradable by alkali.

In summary, these experiments show that A. albopictus cells contain an
inherently unstable 28S RNA, which was destroyed by hot phenol extraction,
but could be extracted by SDS. Sindbis virus infection of A. albopictus cells,
treated with actinomycin D, resulted in the appearance of three virus-specific
RNA species with sedimentation constants of 22S, 32S, and 42S. The 42S
RNA probably represents mature viral RNA and the 22S RNA the replicative
form of the viral RNA. The nature of the 325 RNA is not clear at this time.

Acknowledgment. This work was supported by research grant AI-05920 from
the National Institutes of Health, U.S. Public Health Service.



Chapter 8

Homoptera Cell Culture and Its Application
to the Study of Plant Pathogens

H. HiruMr

I. Introduction

Following the first attempt to grow testicular follicle cells of a moth
(GOLDSCHMIDT, 1915), a large number of experiments on the ¢» vitro cultivation
of insect cells and tissues were carried out. Although the earlier attempts
met with unexpected difficulties, extensive progress has been made during
the past decade as described in a number of reviews (GOODCHILD, 1954;
HarTzELL, 1958; DAYy and GRACE, 1959; MARTIGNONI, 1960, 1963; JONES,
1962 ; MARAMOROSCH, 1962 ; SCHNEIDER, 1967 ; VAGO, 1967 ; GRACE, 1968, 1969 ;
VAUGHN, 1968 ; MITSUHASHI, 1969a; BLack, 1969 ; HIRuMI and MARAMOROSCH,
in press) and in previous chapters of this volume. The present chapter will
be focused on recent developments in Homoptera cell cultures and their
application to the study of plant pathogens.

A large number of plant viruses are transmitted by Homoptera. Insects,
such as leafhoppers, planthoppers and aphids, are known to be vectors of
economically important and widely distributed pathogens, which in some
instances ean multiply in vector cells as well as in plant cells. To understand
the vector-virus interactions, extensive and exhaustive studies have been
carried out previously (BLACK, 1959; MARAMOROSCH, 1963). Electron micro-
scopic studies (SHIKATA and MARAMOROSCH, 1969a; MARAMOROSCH et al., 1969)
and serological tests (SINHA, 1969) have revealed the localizations of virions
and the fate of plant pathogenic viruses in insect vectors. Nevertheless,
information on the mechanism of virus penetration into insect cells and of
virus multiplication is still fragmentary.

Recently, mycoplasma-like microorganisms have been described as the
suspected causative agents of mulberry dwarf, potato witches’ broom, aster
yellows and paulownia witches’ broom (Dor et al., 1967). Their findings led
to the search for similar microorganisms in other diseased plants of the yellows
type, which were previously considered as being caused by viruses. Since
then, mycoplasma-like bodies have been reported as associated with more
than thirty plant diseases, including many which are transmitted by homop-
terous vectors (WHiTcOoMB and Davis, 1970; MARAMOROSCH et al., 1970).
Similar microorganisms have also been found in various organs of yellow-
infected leafthopper vectors, suggesting the possible multiplication of the micro-
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organisms in the insects (Nasu et al., 1967; GIANNOTTI et al., 1968a, b;
GRrRANADOS et al., 1968a; MARAMOROSCH et al., 1968; HiruMi and MARA-
MOROSCH, 1969; SHIKATA and MARAMOROSCH, 1969b; BrRCAK and KRALIK,
1969). At present, there can be little doubt that they belong to the Myco-
plasmatales and that many of them can multiply in both insect vector and
host plant cells as do Homoptera-borne plant pathogenic viruses.

During the past decade, n vitro cultivation of Homoptera cells, particu-
larly of leafhopper vectors, has been attempted in several laboratories. How-
ever, greater difficulties were encountered in the cell culture of paurometabolous
insects, than of holometabolous insects, such as the Lepidoptera.

The first breakthrough in the development of leafhopper cell culture came
in 1964, when the advantage of embryonic tissues in the blastokinetic stage
of Macrosteles fascifrons, a vector of aster yellows agents, for culture was
discovered (HiruMI and MARAMOROSCH, 1964a, b). Since then, the embryonic
cell culture technique has become a useful method for homopterous insect
cell cultures. To date, successful cell growths have been obtained from 13
different species of leathoppers (Table 44). More than ten types of cells have
been described in these cultures.

The second major breakthrough was achieved by Caiu and BLACK in 1967,
when they first established leathopper cell lines from 4 different species
(Table 44). Some cell lines of Agaillia constricta (Van Duzee), a vector of
wound tumor virus, became stable and are now being used in many labora-
tories. Recently, another leafthopper cell line was established from Colladonus
montanus (Van Duzee), a vector of western X-disease agents, by D. D. JENSEN
(personal communication).

The leathopper cell culture system can now be adequately applied to the
study of virus-vector or mycoplasma-vector interactions. Initial studies along
this line have been carried out recently, using leathopper cultures with the
aster yellows agent (HIRuMI and MARAMOROSCH, 1963 b; MARAMOROSCH et al.,
1965), rice dwarf virus (MITSUHASHI, 1965b; MiTsuHAsHI and Nasu, 1967),
wound tumor virus (SINHA, 1965; CHIU et al., 1966; Cuiu and BrLack, 1967,
1969; GAMEz and CHiu, 1968; Hirumi and MARAMOROSCH, 1968), wound
tumor virus and reovirus (STREISSLE et al., 1967) and Chilo iridescent virus
(an insect virus) (MITSUHASHI, 1967b). These efforts have been directed at
studying virus penetrations into insect cells, to elucidate the initial stages
of virus multiplications, to clarify host specificities and to obtain methods
for accurate quantitative analysis of Homoptera-borne plant-pathogenic
viruses. Currently, studies on the multiplication of plant-pathogenic myco-
plasmas, newly implicated plant pathogens of yellows type diseases, are being
intensified using leathopper cell cultures.

Cell cultures of aphids and of planthoppers have been studied less exten-
sively in comparison to those of leafhoppers and are now in early stages of
their development. To date, preliminary attempts with the pea aphid, 4cyrtho-
siphum pisum (Harris), a vector of pea enation mosaic virus (TOKUMITSU
and MARAMOROSCH, 19660; HIruMI, unpublished data), the sowthistle aphid,
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Table 44. Successful in vitro cultivation of cells, tissues and organs of Homoptera

Vector Plant Cultureb References
pathogena
Leafhopper
Aceratagallia
sanguinolenta PYDV Cell line (E) CHIU and Brack (1967)
Agallia constricta WTV, Survival (N, A) HirumI and
PYDV MARAMOROSCH (1963 a)

Primary (E, N, A) MiTsuHAsHI and
MARAMOROSCH (1964)

Cell line (E) Cu1u and Brack (1967)
Agallia quadripunctata  WTV, Cell line (E) Cu1u and Brack (1967)
PYDV
Agalliopsis novella WTV Cell line (E) CHIvu and BLACK (1967)
Cicadella viridis Primary (A) Vaco and FLANDRE
(1963)
Colladonus montanus WXMe¢ Cell line (E) JENSEN (personal
communication)
Dalbulus maidis CSMe Primary (E, N, A) MiTsuHAsHI and
MARAMOROSCH (1964)
Inazuma dorsalis RDV Primary (E) Yamapa et al. (1969)
Macrosteles fascifrons  AYM® Survival (N, A) Hirumr and
MARAMOROSCH (1963 a)
Primary (E) HirumI and
MARAMOROSCH (1964 a)
Macrosteles sexnotatus EAYM©;  Primary (A) VAGO and FLANDRE
(1963)
Nephotettix apicalis RDV, Primary (E) MITSUHASHI (1969a)
RYDMe¢
Nephotettiz cincticeps  RDV, Primary (E) MrTsuHASHI (1965a)
RYDMs
Philaenus spumarius 1DV Primary (A) VaGo and FLANDRE
(1963)

Aphid
Acyrthosiphum pisum  PEMV Survival (E, N, A) ToxkumITsu and
MARAMOROSCH (1966)

Primary (E) Hirumr (unpublished
data)
Hypermyzus lactucae SYvv Primary (E) PETERS and Brack
(BLACK, 1969)
Planthopper
Laodelphax striatellus RSV, Primary (E) MITSUHASHI (1969b)

RBSV

@ Important plant pathogens (for further information, see HEINZE, 1959 ; NIELSON,
1968 ; ISHIHARA, 1969).

b Cultures and materials used in 4% vitro cultivations. Cell line, an established
line; Primary, active cell growth of cells, attached to culture flasks; Survival,
maintained i# vitro for several weeks. Developmental stages of insect materials are
indicated as follows: A, adult; E, embryo; N, nymph.
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Hypermyzus lactucae (L.), a vector of sowthistle yellow vein virus (PETERS
and BLACK, 1970), and the smaller brown planthopper, Laodelphax striatellus
Fallen, a vector of rice stripe virus, rice black streaked virus and northern
mosaic virus of barley, wheat and oat (MITSUHASHI, 1969b) have been carried
out (Table 44).

I1. In Vitro Cultivation
A. Early Work

The first attempts using tissue culture techniques to study % vitro multi-
plications of the aster yellows agent in its leafhopper tissues were carried
out by MARAMOROSCH (1956). Since neither adequate culture medium nor
specific techniques were available at that time, he simply used body fragments
of yellows-infected nymphs of M. fascifrons.

After a minimum incubation period of 29 days, the insects injected with
the supernatant obtained from the yellows-infected cultures became infective.
Since it was known that the aster yellows pathogen could not maintain its
infectivity iz vitro for more than a few hours at room temperature, the experi-
ment suggested that the body fragments survived in vitro for at least 10 days
and sustained the survival of the aster yellows agent. Although no cell growth
of the leafhopper was obtained, the experiment led to further studies of the
wn vitro cultivations of leathopper cells, tissues and organs.

Following the first experiment, several attempts to obtain in vitro growth
of cells and tissues of M. fascifrons and Dalbulus maidis Del. & W., a vector
of corn stunt agents, were carried out by GRACE (1959). Although these
attempts met with little success and resulted in no cell growth, the gut tissues
derived from these leathoppers survived in a culture medium for several days.
He concluded that the medium used in these experiments was not adequately
defined for leathopper cell growth.

In 1963, HirumI and MARAMOROSCH (1963 a) succeeded in the cultivation
of ovaries, testes, gut, brain, salivary glands and Malpighian tubules obtained
from surface sterilized nymphs and adults of M. fascifrons and A. constricta.

Survival of the organs for periods of over 3 months was obtained. Active
cell proliferation and mitotic divisions were observed upon staining with
acetic Orcein after periods ranging from 5 days to 8 weeks, although these
cells did not adhere to the glass surface and remained in suspension in the
medium.

¢ Previously considered as a virus but recently implicated as a mycoplasma
agent. AYM, aster yellows (mycoplasma); CSM, corn stunt (mycoplasma); EAYM,
European aster yellows (mycoplasma) ; LDV, lucerne dwarf virus; PEMV, pea enation
mosaic virus; PYDV, potato yellow dwarf virus; SYVV, sowthistle yellow vein
virus; RBSV, rice black streaked virus; RDV, rice dwarf virus; RSV, rice stripe
virus; RYDM, rice yellow dwarf (mycoplasma); WTV, wound tumor virus; WXM,
western X disease (mycoplasma).
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Vaco and FLANDRE (1963) also attempted to grow leafhopper cells in vitro.
By means of a color indicator in a capillary, they established that the pH
of the hemolymph of cicadellids, M. sexnotatus Fallen, a vector of European
aster yellows agents, and Philaenus spumarium L., a vector of lucerne dwarf
virus, was 6.4-6.6. Proliferation of fibroblast-like cells from the hypodermis
and ovaries, and of epithelial cells from the digestive tracts of Cicadella viridis,
M. sexnotatus and P. spumarius were observed. Their experiments provided
cell growths in the semi-plasma clot cultures. However, this technique had
to be discontinued because of the inconvenience of obtaining prolonged cul-
tures, subculturing, and studying of the plant-pathogenic viruses i vitro.

B. Primary Culture of Leafhopper

Growth potentiality. One explanation for the great difficulties encountered
in the first insect tissue culture experiments might have been the lack of
undifferentiated cells, because most tissues of insects differentiate in early
stages of development. Since the use of tissues and organs obtained from
nymphs and/or adults met with little success, HiRuMmIi and MARAMOROSCH
(1964a) employed the embryonic tissues of M. fascifrons for ¢n vitro cultivations
and succeeded in obtaining very active cell growth. Following this experiment,
they examined the growth potential of different embryonic stages (HirumI
and MARAMOROSCH, 19064D).

To obtain a large number of embryos at the same developmental stage, male
and female adults, approximately 200 insects per cage, were caged on young rye
plants, Secale cereale L., in 10-cm pots. The insects were transferred to fresh plants
every day. The plants with deposited eggs were maintained at 25° C with a 16-hr
photoperiod provided by 6600 lu/m? of fluorescent light. Under these conditions,
first-instar nymphs of M. fascifrons usually hatched 11 days after oviposition.

Embryos on the 1st, 3rd, 5th, 7th, 8th, 10th and 11th day after oviposition
were tested. Active cell growth was obtained from 7- and 8-day-old embryos,
while no cell growth was observed from the early and late stage embryo
development. These stages could be determined by the location and size of
the eye under a dissecting microscope. Small, light pinkish eyes appeared
in the posterior region of the egg on the 6th day after oviposition, and then
moved to the anterior region during the next several days, increasing in size
and density of color (Fig. 108 A-E). The stage that provided the most suitable
source for the cell culture was identified as the stage of blastokinetic move-
ment, that is between the 6th and 9th day after oviposition (Fig. 108 A-C).
After the proper stage had been established, the adult insects were confined
on rye plants for a week. Then, during the following 7 days, the eggs in the
blastokinetic movement stage were collected and used for iz vitro cultivation.
However, the developmental periods varied among various species and differed
with the environmental conditions.

Later, it was demonstrated by MiTsunasHI and MARAMOROSCH (1964) that
leathopper cells also could grow ¢x vitro from tissues of other developmental
stages. These experiments, and the earlier work by VAGo and FLANDRE (1963),



Homoptera Cell Culture and Its Application to the Study of Plant Pathogens 175

revealed that leafhopper tissues from other than the blastokinetic stage,
including nymphal and imaginal tissues, also have some growth potentialities
in vitro. Still, embryonic tissues in the blastokinetic stage are widely recognized
as providing the most useful materials for the cell culture of many leathopper
species (Table 44).

Figs. 108 A-E. Eggs of Macrosteles fascifrons, showing different developmental stages
of the embryos (70 X ). Arrows indicate the location of eyes. A, 7-day-old egg, at an early
stage of blastokinesis; B, 8-day-old egg; C, 9-day-old egg, at a late stage of blasto-
kinesis; D, 10-day-old egg; E, 11-day-old egg, just before hatching. Embryos during
blastokinetic stages (A-C) provide the most adequate material for in vitro cultivation

Eggs are collected into a 12 ml glass centrifuge tube containing EArRLE’s BSS.
After an adequate number of eggs, usually about 150-200, settle on the bottom
of the tube, the EARLE’S BSS is gently removed. The eggs are resuspended in 5 ml
of 70% ethanol for 60 sec, and then rinsed three times with EARLE’s BSS.

Surface sterilization of leafhopper nymphs and adults is relatively difficult;
therefore, excised tissues are immediately disinfected after dissection of the insects.
Vaco and FLANDRE (1963) use a series of five antibiotic baths, consisting of baci-
tracin (5 IU/ml), colimycin (25 pg/ml), penicillin (200 IU/ml), streptomycin (0.05 mg/
ml), chloramphenicol (5-10 ug/ml), and mycostatin (optional) on excised cicadellid
tissues. After surface sterilization in 0.1% Hyamine for 3 min, leathopper nymphs
and adults are dissected in drops of 0.1% Hyamine solution (HIRuMI and Mara-
MOROSCH, 1963 a, b). The excised tissues are rapidly washed in fresh 0.1 % Hyamine
solution, and then rinsed several times with culture medium.

Culture media. It was difficult to devise a suitable culture medium for
leathopper cells because of the inadequate analysis of the hemolymph of the
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small insects. All leafhopper culture media used for previous work were
developed through trial and error by modifying established culture media.
As a result of the initial work of testing nine different culture media, modified
TC 199 (MorcaN et al., 1950), with modified Medium B. M. 22, originally
designed for Bombyx mori L. by Vaco and CHASTANG (1958), was used for
the primary culture of M. fascifrons, and provided active cell growth n wvitro
(HirumMi and MARAMOROSCH, 1964a, b, ¢, 1968; HIirumI, 1965). MITSUHASHI
and MARAMOROSCH (1964) also tested seven media and concluded that the
basic medium No. 1 provided most adequate cell growth of M. fascifrons,
A. constricta and D. maidis. This medium has been used for the cell cultures
of mosquitoes, Aedes albopictus (Skuse) and A. aegypti (L.) (SINGH, 1967).
Later, MITSUHASHI (1965 a) revised the basic medium and used it for embryonic
cell cultures of Nephotettix cincticeps Motsch., a vector of rice dwarf virus
and rice yellows dwarf agent. Recently, he has described two additional media
(M1TSUHASHI, 1969a).

CH1vu and Brack (1967) modified SCHNEIDER’S Drosophila medium (SCHNEI-
DER, 1964). Using this medium, they succeeded in establishing cell lines from
four different species of leathoppers, A. constricta, A.quadripunctata (Pro-
vancher), a vector of wound tumor virus and potato yellow dwarf virus,
Agalliopsis novella (Say), a vector of wound tumor virus, and Aceratagallia
sanguinolenta (Provancher), a vector of potato yellow dwarf virus. Originally
they used the basic medium designed by Mitsunasui and MARAMOROSCH
(1964). Later, when the modified SCHNEIDER’S medium proved to be better
for maintaining cell lines, they carried out further subcultures in this medium.
Cuiu and Brack (1969) reduced the concentrations of inorganic salts to
approximately half strength as shown in Table 45. In this laboratory, leaf-
hopper cell cultures, either of the AC20 cell line, obtained through the courtesy
of Dr. L. M. BrAck, or primary cultivations of M. fascifrons, A. constricta
and D. maidis, are carried out with this medium. Details of other leathopper
culture media have been described elsewhere (Hiruml and MARAMOROSCH,
in press).

The addition of homologous hemolymph to culture media for invertebrate
cells was considered an important factor for successful cultivations. Although
several insect extracts and/or heterologous arthropod sera had been added to
the culture media (Hirumi and MARAMOROSCH, 1963 a; SINHA, 1965 ; CHIU and
Brack, 1967), their replacement by fetal bovine serum provided the necessary
growth factors (HIRuUMI and MARAMOROSCH, 19644, b, ¢, 1968; HiruMI, 1965;
MritsunasHar and MARAMOROSCH, 1964 ; CHIU and BLACK, 1967). Thus, neither
homologous nor heterologous arthropod serum seems to be essential for leaf-
hopper cell culture. It was also found that newborn calf serum could be sub-
stituted for fetal bovine serum, but that normal calf, chicken or horse sera
were unsatisfactory (M1TsUHASHI and MARAMOROSCH, 1964).

“Sitting-drop”’ culture. The sitting-drop culture technique, used by Hirum1
and MARAMOROSCH (1964 a, b) for the embryonic tissue culture of M. fascifrons,
became a standard method for leafthopper cell culture, and has since been
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Table 45. Chiu and Black’s leafhopper cell culture medium (pH 7.0)2

Component Amount
(mg/liter)

CaCly-2H,0 400.0

KCl §00.0
KH,PO, 300.0
MgSO,-7H,0 1853.0
NaCl 1053.0
NaHCO, 353.0
Dextrose 4000.0
Lactalbumin hydrolyzate 6500.0
Yeastolate 5000.0
Fungizone 2.5
Neomycin 50.0
Penicillin G 100,000.0 (IU)
Streptomycin 100.0
Fetal bovine serum 200.0 (ml)

2 Based on CH1U and BLACK (1969).

used for many other species, in some cases with minor modifications (HIRuMI
and MARAMOROCSH, 1964c, 1968:; MITSUHASHI and MARAMOROSCH, 1064;
HiruwMmi, 1965 ; MITSUHASHI, 1065a, b, 1966a, 1969a; TokuMmITsU and MARA-
MOROSCH, 1966, 1967, 1968; CHIU et al., 1966; CHIU and BLACK, 1967 ; MITSU-
HASHI and NASU, 1967; STREISSLE et al., 1967; YAMADA et al., 1969).

Trypsin treatment has been widely used for primary cultivation from the
leafthopper. It improved initial growth of cells, but trypsinization did not
seem to be essential for cell proliferation; such cells were also grown without
the trypsin treatment (MiTSUHASHI and MARAMOROSCH, 1964; CHIU et al.,
1966; CHIU and BLACK, 1967 ; TokUMITSU and MARAMOROSCH, 1967). A possible
explanation is that the mild treatment may dissolve the basal laminae which
tightly cover the outer surface of most organs, allowing cells to migrate not
only from the cut surfaces of the tissues but also from the uncut surfaces.
The basal laminae of the untreated tissues may inhibit cell migration from
the explants, resulting in the delay of cell growth. Approximately 0.5 ml
of culture medium containing resuspended tissue fragments derived from
about 10 embryos for each flask, were placed on the center of the culture flasks.

Culture vessels. In comparison with vertebrate materials, a considerably
smaller amount of tissue is generally involved in primary cultures of small
insects. Thus, most cultures of leafhoppers have been carried out with ““sitting-
drop” techniques using small culture vessels. In order to facilitate the handling
of a small volume of the materials, a special vial was designed by Vaco and
FLANDRE (1963). The V-H type flask has been modified from this vial to
obtain better observations under high magnifications of phase contrast (Hi-
RUMI, 1963 ; VaGo, 1967).

12 C.T. in Microbiology, Vol. 55
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Small culture vessels, consisting of a microslide ring and two cover glasses
sealed on the top and bottom of the ring, have been used for leathopper cell cultures
(MiTsunasHI and MARAMOROSCH, 1964; MITSUHASHI, 1905a; ToORUMITSU and MARA-
MOROSCH, 1967; HirumMI and MaraMOROSCH, 1968). Such chambers were used with
the sitting-drop culture technique.

To obtain a large cell population, 15 drops of the culture medium containing
the tissue fragments were placed on the bottom of a plastic T-type flask, 30 ml
capacity, in the same manner as in sitting-drop cultures. Seven days after the
initial cultivation, 5 ml of the culture medium was added. With this technique,
primary cultures of M. fascifrons cells continued to grow for more than 150 days
(Hirumi and MARAMOROSCH, 1968). A combination of sitting-drop culture and
coverslip culture techniques was used by CH1U, REDDY and BLack (1966) in Sykes-
Moore culture chambers, or, for larger numbers of cells, CHIU and Brack (1967)
used 30-60 mm sealable Petri dishes.

Each type of culture vessel, described above, has advantages and dis-
advantages. The V-H flask is quite convenient for continuous observation
under high magnifications using phase contrast and for changing the culture
medium, but it is difficult to clean and is expensive. The microslide ring
chamber also permits observation at high magnification and is economical,
but is inconvenient for changing the medium. Condensation, which prevents
phase contrast observation, appears on the inner surface of the top cover
glass of this chamber. The sealable Petri dish and T-type flask can handle
a large number of cells and are inexpensive, but the thickness of their bottom
walls prevents observation at high magnification. Thus, culture vessels have
to be selected on the basis of the objective of each experiment.

C. Establishment of Leafhopper Cell Lines

As mentioned earlier, a major breakthrough in Homoptera cell cultures
was the establishment of leafhopper cell lines by CH1U and Brack (1967).

They explanted 20 or more embryonic tissue fragments in 60 mm sealable Petri
dishes with a small amount of medium of MITSUHASHI and MARAMOROSCH (1964).
These primary cultures were maintained at room temperature (about 24° C), and
the medium was changed at weekly intervals. After more than 100 days the cultures
were treated with 0.05% trypsin in RINALDINT’S salt solution for 10 min. Trypsiniza-
tion was stopped by adding an equal volume of growth medium and the cells dis-
persed by gentle pipetting. When most of the living cells had become attached
to the culture dish, the medium was replaced with fresh medium, and the degenerated
cells were removed. Subculturing by the same procedure was repeated four times
at 7-8 day intervals in the same Petri dish. Afterwards, subcultures were carried
out regularly by a procedure which involved trypsinization for 6-8 min in 0.05%
trypsin, centrifugation for 2 min at 200 Xg and resuspending the cells in the fresh
medium. With a seeding density of 4.8 x10% cells in 4 ml of the medium, confluent
monolayers were formed in several days at 27° C in a plastic T-type flask with a
useful flat surface of 25 cm?, or 3 ml of the resuspended medium in a 50 mm Petri dish.

Early attempts to subculture the cells with the medium of MITSUHASHI
and MaraMOROSCH failed. Successful subculturing was obtained with CHiu
and Brack’s medium as modified from SCHNEIDER’S medium. The authors
pointed out that successful subculturing could also be achieved when cell
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growth became extensive about 3-4 weeks after starting the primary culture
and an established cell line could be obtained in another month.

Using these techniques, nine cell lines from A. constricta and two cell lines
from A. quadripunctata were established. At the time when the results were
reported, A. comstricta cell line 2 (AC2) had been successfully subcultured
more than 55 times and continuously maintained in several laboratories. The
two cell lines of A. quadripunctata had passed the ninth and twentieth gen-
erations. Attempts at establishing cell lines of A. sanguinolenta and A. novella
also have been reported by CHIU and BLACK (1967). A cell line of C. montanus
was recently obtained by D. D. JENSEN using CHIU and Brack’s technique,
and carried through more than 20 passages (personal communication).

In order to establish leafhopper cell lines, it seems necessary to obtain
a large number of cells in the primary cultures. Whenever the first subculture
was made with a small number of cells, using the same techniques and medium
described above, the subcultured cells failed to grow continuously. However,
as a large amount of cells was collected from 5-10 primary cultures, without
repeated trypsinization in 50 mm sealable Petri dishes, and used for the
subcultures, these cells continued to grow actively.

D. Growth of Leafhopper Cells

Primary Cultures. In primary cultures of leathopper cells, only minor
differences of cell growth have been described among different species.

During the initial few hours of cultivation, a number of dipolar single
cells became attached to the surface of the culture flasks. Usually they multi-
plied up to 10-fold during the next 2 days, but seldom survived for long.
Within 24 hrs of cultivation, a type of fibroblast-like cell began to appear
from tissue explants, and continued to grow actively, forming networks
(Fig. 109). Many mitoses were observed in the outgrowth. The cells multiplied
along the line of dipolar cytoplasmic processes from the center of the out-
growth to the periphery (HiruMI and MARAMOROSCH, 1964a, b, ¢, 1968: Hi-
RUMI, 1965 ; MiTsunasHI and MARAMOROSCH, 1964 ; MITSUHASHI, 1965a: CHIU
et al,, 1966; Caru and BLACK, 1967). Two other types of fibroblast-like cells
were also distinguished. One of them was observed in old cultures. Their
most characteristic feature was their large size. The cells often developed
irregular cytoplasmic pseudopodia at both ends, and mitotic divisions were
fairly frequent (MrtsunasHai and MARAMOROSCH, 1964). Another type of cell
appeared after 6-8 days of cultivation, forming networks with irregular pseudo-
podia and loosely spread nuclei. Although the outgrowths of this type were
not extensive, the cells continued to divide mitotically for a long period
(HiruMI and MARAMOROSCH, 1964 ¢; HIRUMI, 1965).

During the initial 48 hrs of cultivation, epithelial cells became attached
to the surface of the culture flask and began to grow. They multiplied rapidly,
forming cell sheets (Figs. 110-112). These cell sheets expanded gradually and
eventually engulfed the original tissue fragments. Numerous mitotic divisions
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