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The results, so far, do not justify any conclusion regarding
the relationship of these viruses to leukaemia itself. The
frequency of the association is, however, remarkable.
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Electron Microscopy of Virus Particles in Cell Cultures Inoculated
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The presence of virus particles in murine and avian leukaemias
has been demonstrated in the electron microscope by numerous
workers. There seems little doubt that such particles are a
causative agent in these conditions. Among the many relevant
reviews are those of Bernhard (1960), Bernhard and Granbou-
lan (1962), and Dmochowski (1961). Table I summarizes some
of the reports of the electron microscopy of known leukaemo-
genic murine and avian viruses. Virus-like particles have also
been reported in the lymph nodes (Dmochowski et al., 1959),
bone-marrow (Braunsteiner et al., 1960; Murphy and Furtado,
1963), and blood (Almeida et al., 1963 ; Burger et al., 1964) of
human leukaemic patients. Reports of viruses associated with
leukaemia in man are summarized in Table II.

In the preceding paper (Negroni, 1964) the presence of a
cytopathic virus, derived from the bone-marrow of leukaemic
patients, has been demonstrated by serial passage in cultured
human kidney cells. These infected cultures have been exam-
ined in the electron microscope in an attempt to support the
virological evidence by direct demonstration of virus particles
in infected cells and media. The present paper is a preliminary
report on this work.

Methods
Tissue Cultures.-The methods of preparing and inoculating

cell cultures are described in the preceding paper (Negroni,
1964).

Electron Microscopy

Cell cultures were prepared for examination in the electron
microscope in one of three ways.

1. Thin Sections of Whole Cells.-Cells were detached from
the walls of the culture-tube, centrifuged for less than five
minutes at 1,000 X g, and the supernatant culture fluid
removed. The cells were then fixed in cold buffered osmic
acid for half to one hour, dehydrated in ethanol and embedded
at 60° C. in methyl/butyl methacrylate (25: 75) containing 1%
uranyl nitrate. Thin sections were cut on an A. F. Huxley
pattern ultramicrotome (Cambridge Instrument Co. Ltd.) and
mounted on carbon-coated grids. Some sections were treated
on the grid with lead stain (Karnovsky, 1961). The sections
were examined in a Siemens Elmiskop I electron microscope.

2. Thin Sections of Pellets.-After separating out the cells
as in No. 1 above, the culture fluid was clarified by centrifuging
for 20 minutes at 2,000Xg in an M.S.E. clinical centrifuge.
The supernatant was then centrifuged for 30 minutes at 78,000
Xg in a " Spinco " model L ultracentrifuge and the resulting
pellet fixed, dehydrated, embedded, and sectioned as in No. 1
above. In some cases immune or control rabbit antiserum was
added to the clarified culture fluid (1: 5) half an hour before
ultracentrifugation at either 30,000 X g or 78,000 X g.

3. Negative Contrast.-Inoculated tissue cultures were pre-
pared for negative contrast electron microscopy by the method
of Almeida and Howatson (1963).
Measurement of Virus Particles.-In some sections the virus

has an oval appearance (Special Plate, Fig. 5), apparently due
to a sectioning artifact. Therefore the long and short axes of
all particles have been measured and their mean calculated.
Only particles that were believed to have been sectioned medially
were measured ; these represent approximately 30% of the total
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number of particles photographed. Average measurements are

given in Table III.

Results: Sectioned Material
Intact Cells

Cells from uninoculated control cultures appeared healthy.
Some of the ultrastructural details of these cells are illustrated
in Fig. 1 (Special Plate). The cell cytoplasm is rich in free
ribosomes and contains numerous organelles, notably mitochon-
dria, elements of the endoplasmic reticulum, vesicles, and small

present which do not appear to be related to any particular
cytoplasmic element or organelle. Similar cytoplasmic particles
have been seen in cells of all the infected cultures examined.
The particles consist of an electron-dense nucleoid (average

diameter 420 A), an intermediate membrane (average diameter
500 A), which is always present, and an outer coat, which is
sometimes absent. This coat in medially sectioned particles
shows a radial alternation of low and moderately high electron
density and is occasionally bounded by a further membrane;
the average overall diameter of the particles is 730 A. Some
particles in which the nucleoid cannot be seen (Special Plate,
Fig. 5) may be virus particles sectioned eccentrically.

TABLE I.-Electron Microscopic Data for Some Leukaemogenic Murine and Avian Viruses

Species Condition Authors Type of Preparation Tissue Diameter of Particles (A) Morphology of Particles

Chicken Myeloblastosis Bernhard et al. OSO4-fixed and Plasma f Total: 600-1,100 Single limiting membrane
(1958) sectioned pellet N Nucleoid: 350-400 and nucleoid

Erythroblastosis ,, An,, Total: 750-800
Nucleoid: 350-400

Erythro- Benedetti et al. Os04-fixed and Spleen and bone-marrow I Total: 750-800 3.

myeloblastosis (1956) sectioned tissue N Nucleoid: 300-400
Mouse Leukaemia de Harven and , Liver, bone-marrow, andI Outer shell: 730-1,370 A and C particles

(Friend) Friend (1960) spleen N Inner shell: 300-830
Leukaemia Dalton e al. ,, , Spleen and bone-marrow Outer membrane: 1,000 (av.) A and C particles*
(Moloney) (1961) i Inner membrane: 850 (av.)

L Nucleoid: 600 (av.)
Le,,kaemia Bernhard and Guerin ,, ,. Lymphrpode, thymus, and A: c. 750 A, B, and C particles

(spontaneous) (1958) parotid tumour { B: 800-1,100
C: 600-1,500

L Nucleoid: 300-400
,Leukemia Bernhard and Gross ,, ,, Lyph node, thymus, paro- ,, ,, ,,

(Gross) (1959) tid tumour, and spleen
Leukaemria Heine et al. (1957) , ,, Lymph nodes I Total: 600-700 Limiting membrane and

(Graffi) NNucleoid: c. 300 nucleoid

* Bernhard and Granboulan (1962).

TABLE II.-Electron Microscopic Data for Some Virus-like Particles Reported in Association with Human Leukaemia

Species Condition Authors Type of Preparation Tissue Diameter of Particles (A) Morphology of Particles

Man Acute leukaemia Murphy and Furtado Negative contrast Bone-marrow c. 1,500
(1963)

Braunsteiner et al. Os04-fixed and ,, 750-950 Limiting membrane.
(1960) sectioned tissue Dense central body

Dmochowski et at. Lymph nodes Total: 730-1,200
(1959)

Almeida et al. Negative contrast Blood 1,000-5,000 Limiting melnrane with
(1963) enclosed 75 A filaments

Leukaemia Burger et al. (1964) Negative contrast Plasma Two types: (1) 2,000-3,000 Two types: (1) Resembles
on fractionated (2) 1,400-1,800 Rauscher virus. (2)
pellet Hexagonal dense centre,

limiting membrane, tail

TABLE III.-Diameters of Cytoplasmic and Nuclear Particles (A)
Os04-fixed Cytoplasmic Particles* Nuclear Particles

Overall diameter . 740 OS04-fixed .. 400
Intermediate membrane 500 Negative contrast 340

Nucleoid .420
* 100 particles measured.

lipid-containing bodies. Larger vacuoles are occasionally
present. The nucleus, which is often deeply indented, contains
fairly dense and evenly packed chromatin; the nuclear double
membrane is of normal appearance. These cells present the
undifferentiated appearance which might be expected of cultured
embryonic material.

Cells seen in 48-hour infected cultures' showed cytoplasmic
degenerative changes of varying degree (Special Plate, Figs. 2,
3, and 4). Cells of almost normal appearance were frequently
seen in the same field as degenerate cells. A striking feature of
many cells in the cytopathic cultures was the almost complete
absence of nuclear chromatin except in isolated clumps at the
periphery (Special Plate, Figs. 2 and 3). This redistribution of
chromatin has also been seen in cells from control cultures left
unfed for five days.

Portions of the cytoplasm of cells from 48-hour infected cul-
tures are shown in Fig. 5 (Special Plate). Virus particles are

Throughout this paper the term " infected cultures " refers to cultures
inoculated with passage fluid derived from human leukaemic bone-
marrow. The evidence of Negroni (1964) indicates that this
inoculum contains virus.

Smaller particles (average diameter 400 A) have been seen

within the degenerate nuclei of some cells in 48-hour infected

cultures (Special Plate, Fig. 7). These particles are significantly
larger than nucleolar material or other chromatin constituents.
In some cases aggregations of these particles have been seen

enclosed within a membrane in very degenerate nuclei. Similar

aggregations have been seen within the cytoplasm, surrounded

by a double membrane; these apparent vacuoles may have been

processes of the nucleus. Neither cytoplasmic nor nuclear

particles have been seen in the 20-hour infected cultures which

have been examined. The dimensions of the cytoplasmic and
nuclear particles are listed in Table III.

Occasional particles of the same size as those in infected

cells have been seen in the cytoplasm of cells in control cultures
inoculated with passage fluid from non-leukaemic bone-marrow.

None of the particles in control cultures possessed a nucleoid
or an intermediate membrane, although they appeared to have

an outer coat. Unusual particles were also seen, on one occasion

only, in the nucleus of a control culture cell. These particles
were within the size range of those in infected nuclei but

appeared less regular in shape and of lower electron density.

Ultracentrifuged Pellets

Virus particles identical with those seen in the cytoplasm of
whole cells were observed in pellets obtained by ultracentrifuga-
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D. R. INMAN ET AL.: ELECTRON MICROSCOPY OF VIRUS PARTICLES

FIG. 1.-Human embryo kidney cells from an uninoculated control
culture. (X 6,500.)

FIG. 3.-A group of cells from a 48-hour infected culture showing
different degrees of degeneration. ( x 3,000.)

...

FIG. 2.-Cell in an advanced stage of degeneration from a 48-hour
infected culture. ( X 6,500.)

FIG. 4.-Cells from a 48-hour infected culture showing " round-
ing-off," an incipient stage of degeneration. (X4,500.)
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D. R. INMAN ET AL.: ELECTRON MICROSCOPY OF VIRUS PARTICLES

FIG. 5.-a, b, and c.-Three regions of the cytoplasm of cells from a 48-hour infected culture. (X80,000.) Virus
particles: (V) with outer coat; (N) with no outer coat; (T) sectioned tangentially.
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D. R. INMAN ET AL.: ELECTRON MICROSCOPY OF VIRUS PARTICLES

FIG. 6.-Part of a section of an ultracentrifuged pellet (78,000 X g)
derived from an infected tissue culture. (X 60,000.)

200O Lt.

FIG. 8.-A group of virus-like particles surrounded by a mem-

brane; negative contrast preparation. (X 60,000.)

FIG. 7.-Part of a degenerating nucleus containing virus-like par-

ticles. (x 45,000.)

FIG. 9.-Detail of Fig. 8. (X 120,000.)
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tion of infected culture fluid. The particles were packed closely
together and were confined to one stratum of the pellet (Special
Plate, Fig. 6). Pellets were also obtained from infected culture
fluid treated, prior to centrifugation, with immune rabbit anti-
serum. The particles seen in these pellets were separated from
one another by amorphous material and stratification was less
marked. Particles identical with those seen in the nuclei were
also seen in pellets obtained from infected cultures. No virus-
like particles were seen in pellets obtained from control culture
fluid.

Results: Negative Contrast
The structure shown in Fig. 8 (Special Plate) was seen in a

negative contrast preparation of an infected culture; it is
bounded by a membrane and appears to be either a portion of a
nucleus or a large cytoplasmic vacuole. The membrane en-
closes a mass of particles, most of which are about 340 A in
diameter (Special Plate, Fig. 9); several particles appear to
contain a central core. Cytoplasmic particles have also been
seen in negative contrast preparations. These will be described
in a later paper.

Discussion
In this preliminary report of the electron microscopy of virus

and virus-like particles seen in the cells of human embryo tissue
cultures infected with a virus from human leukaemic bone-
marrow, three questions may be asked:

1. What are the criteria for calling the particles virus ?
2. Are the particles present only in infected cultures and not in

those inoculated with passage fluid from non-leukaemic bone-
marrow or in uninoculated cultures ?

3. Assuming that virus is present only in the infected cultures,
how justified are we in regarding it as the causative agent of human
leukaemia ?
The last of the three questions can be answered simply and

directly. The evidence presented in this paper does not in
any way justify the assumption that the association of this
virus with leukaemic bone-marrow is a causative one.

In deciding whether a particle seen in an electron micrograph
is virus the main criteria we have employed are as follows:
(1) size and shape; (2) the presence or absence of known virus
features such as a nucleoid, one or more limiting membranes,
outer coat; (3) the location of the particle-nuclear, cytoplas-
mic, or extracellular-in relation to its observed morphological
characteristics.
The application of these criteria to electron micrographs of

cells from 48-hour infected cultures suggests that they contain
virus particles. In every case round or oval bodies have been
seen within the cytoplasm of these cells, either singly or in small
groups. Particles sectioned medially have an average overall
diameter of 730 A, some have a definite nucleoid, all have an
intermediate membrane, and the majority have an outer coat.
The nucleoids appear more prominent after lead-staining,
though to no greater extent than the membranes. The descrip-
tion of these bodies as virus particles is supported by the large
numbers of them seen in limited strata of ultracentrifuged pellets
derived from similarly infected cultures. The identification of
the nuclear bodies as virus-like is less certain because they have

been seen less often. Their average diameter is 400 A, and this
is compatible with their being the same virus particles seen in
the cytoplasm without the intermediate membrane and outer
coat. The disorganization of the nuclear chromatin seen in
infected cultures would be consistent with the presence of intra-
nuclear virus. We do not yet know whether the cytoplasmic
particles contain DNA or RNA.
The cytoplasmic particles are morphologically similar to, and

in the same size range as, those seen in various mouse and avian
leukaemias (Table I); they also resemble those particles seen in
human leukaemia preparations and described by Dmochowski
et al. (1959). Our present morphological data do not justify
any attempt to classify the virus, but it is hoped that further
studies of negative contrast preparations now in progress will
make this possible.

Summary
Tissue cultures inoculated with passage fluid derived from

-human leukaemic bone-marrow have been examined in the
electron microscope. The presence of a virus has been demon-
strated, both in the cell cytoplasm and in ultracentrifuged
culture fluid pellets. This virus is similar in appearance to
known murine and avian leukaemogenic viruses and also
resembles virus-like particles found, by other workers, in
association with cases of human leukaemia. In the nuclei of
some cells virus-like bodies have been found. Insufficient data
are yet available to classify the cytoplasmic virus. It has aver-
age diameters of 730 A overall; 500 A intermediate membrane;
420 A nucleoid. The nuclear particles measure approximately
400 A.

We wish to thank Dr. G. F. Marrian, F.R.S., and Dr. R. J. C.
Harris, of the Imperial Cancer Research Fund, for their advice and
encouragement. Our thanks are also due to Messrs. E. V. Willmott,
G. Leach, and B. Young for photographs and technical assistance,
and to Miss P. M. Pratt for reading and preparing the manuscript.
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