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The mode of replication of the ‘‘unconventional virus’’ of Creutzfeldt-Jakob
disease was studied in BALB/c mice infected intracerebrally. Virus was detected
in the brain, spleen, lung, thymus, liver, kidney, and blood, but not in urine, at
various time intervals after inoculation. The highest infectivity was present in the
spleen from the second through the ninth weeks postinfection. Density gradient
separation of spleen cells with colloidal silica (Percoll) revealed that the highest
concentration of virus was present in blastoid cells from lower-density (1.05 to
1.07 g/ml) fractions. These results suggest that blastoid cells play an important
role as the initial replication site of virus in the pathogenesis of Creutzfeldt-Jakob

disease in mice.

It is now well established that Creutzfeldt-
Jakob disease (CJD) is an ‘‘unconventional’
virus-induced slow infection of the central ner-
vous system (CNS) of humans and is classified
as one of the naturally occurring ‘‘subacute
spongiform virus encephalopathies’” (9). The
pathology of these encephalopathies is not asso-
ciated with any evidence of host reaction of an
inflammatory or immunological type, and virus-
specific antibodies have never been detected.

Although structural changes are limited to the
CNS, virus can be recovered not only from CNS
but also from several extraneural tissues (1, 6,
13, 21, 22, 24, 28). For example, in experimental
animals, the virus was present in the CNS,
spleen, lymph node, thymus, kidney, liver, cere-
brospinal fluid, and peripheral blood (1, 13, 28).
The study reported here was undertaken to
obtain data on the mode of replication and
temporal distribution of CJD virus in relation to
onset of the disease and to determine the impor-
tant implication of the hematogenous route of
virus dissemination ‘

MATERIALS AND METHODS

Mice, Weanling female BALB/c mice obtained from
the animal colony of the Frederick Cancer Research
Center, Frederick, Md., were used throughout these
studies.

Virus. A Japanese strain (Fu) of CJD virus (27),
isolated in mice inoculated with human brain from a
patient with an atypical case of CJD, at the second

t On leave from the Department of Virology, School of
Medicine, Kyushu University, Fukuoka, Japan 812 (Present
address: Department of Internal Medicine, Saga Medical
School, Saga, Japan 840-01).

mouse intracerebral passage level, was used. The
inoculum for mice was prepared from mice with ad-
vanced clinical CJD. It consisted of the supernatant of
a 10% (wt/vol) suspension of brain in phosphate-
buffered saline (PBS), pH 7.4, centrifuged at 2,550 X g
for 30 min. Thirty microliters (3.1 x 10* mouse 50%
lethal doses [LDs,)) of this supernatant were inoculat-
ed intracerebrally (i.c.) into each weanling mouse.

Removal of infected tissues. Mice were sacrificed at
various time intervals as described below. To avoid
cross-contamination of tissues, aseptic techniques
were employed, and each tissue was processed with a
separate set of sterile instruments. Tissues were re-
moved in the following order: urine, blood, brain,
spleen, kidney, liver, thymus, and lung. The urine was
collected in sterile tubes by pressing the lower abdo-
men and dialyzed against PBS overnight because of its
toxicity. Whole blood was collected by cardiac punc-
ture into heparinized syringes, transferred to a sterile
tube, immediately centrifuged at 259 x g for 20 min,
and then frozen at —70°C overnight (15). The following
day, frozen blood was cut with a sterile blade approxi-
mately 0.5 cm beyond each side of the buffy coat.
Tissues and body fluids were stored at —70°C until
used.

Preparation of spleen cell suspension. Groups of 10
mice were sacrificed at 9 and 18 weeks postinfection.
The spleens were removed aseptically, minced finely
in ice-cold Eagle minimum essential medium (MEM)
containing 2 mM L-glutamine, 100 U of penicillin per
ml, 100 pg of streptomycin per ml, and 20% fetal
bovine serum (FBS) (20% FBS-MEM), and filtered
through several layers of sterile gauze. Erythrocytes
were lysed with 0.83% ammonium chloride. The
spleen cells were then washed twice and suspended at
a concentration of 107 cells per ml in 20% FBS-MEM.

Separation of spleen cells. Spleen cells were separat-
ed into macrophages and lymphocytes by the differen-
tial adherence of cells to plastic. Five milliliters of the

154



VoL. 41, 1983

spleen cell suspension was incubated in a plastic petri
dish (Falcon no. 1007; Falcon Plastics, Oxnard, Calif.)
at 37°C for 60 min. Plastic-nonadherent cells (lympho-
cytes) were removed by pipetting. Plastic-adherent
cells (macrophages) were collected by a rubber police-
man, washed twice, and suspended in 20% FBS-
MEM. The purity of the macrophage fraction was
examined by the phagocytic activity. Samples (0.5 ml)
of a 5% (vol/vol) opsonized sheep erythrocyte suspen-
sion were added to the adherent cells in a plastic petri
dish and incubated at 37°C for 120 min. They were
then rinsed with PBS, and sheep erythrocyte-ingested
cells were determined by staining with Giemsa. More
than 95% of cells in this fraction were macrophages. A
part of the macrophage fraction was cultured for the
study of infectivity. They were maintained in plastic
petri dishes (Falcon no. 1007) at 37°C in a humidified
5% CO0, atmosphere, and the medium was changed
twice a week. The medium consisted of Dulbecco
MEM supplemented with 10% L-cell conditioned me-
dium (19), 10% PBS, and 5% horse serum.

Fractionation of spleen lymphocytes. The plastic non-
adherent cells (lymphocytes) were fractionated into T-
cell and B-cell fractions by the nylon wool method
(16). Briefly, 2 x 10°® cells in 2 ml of 20% FBS-MEM
were allowed to incubate for 60 min at 37°C in a 20-ml
syringe containing 1.5 g of nylon wool. Nylon wool-
nonadherent cells were eluted by washing the nylon
wool with 60 ml of warm medium; nylon wool-adher-
ent cells were collected by gently squeezing the nylon
wool. The efficiency of fractionation was monitored by
assaying for T cells by the cytotoxicity test. Briefly,
0.2 ml (2 X 10° cells) of the cell suspension were mixed
with 0.2 mi of rabbit anti-mouse thymocyte serum
(Xx256: Microbiological Associates, Rockville, Md.)
and 0.4 ml of guinea pig complement (X5; Flow
Laboratories, Inc., Rockville, Md.) and incubated at
37°C for 60 min. The percentage of T cells in each cell
fraction was more than 95% in the T-cell fraction and
less than 20% in the B-cell fraction.

Subfractionation of spleen T cells and B cells. Both T-
cell and B-cell fractions were further fractionated into
10 subfractions on continuous density gradients of
colloidal silica (Percoll; Pharmacia Fine Chemicals,
Piscataway, N.J.). A stock solution of Percoll was first
made by mixing undiluted Percoll with 0.15 M NaCl at
a ratio of 55:25, and 9 ml of this mixture was centri-
fuged in a fixed-angle rotor at 20,000 x g for 30 min.
After centrifugation, 108 cells in 1 ml of 0.15 M NaCl
was carefully layered on the top of the gradient and
centrifuged at 800 X g for 15 min. Ten 1.0-ml fractions
were recovered from the top of gradient and analyzed
for density profile and cell count.

Lymphocyte culture. The cells from each lympho-
cyte fraction and subfraction were cultured in micro-
titer plates (Falcon no. 3040) for the study of DNA
synthesis and the proliferative response to lymphocyte
mitogens. Cultures were triplicate 0.2-ml samples of
the cell suspension containing 2 x 10° cells per ml in
10% FBS-MEM supplemented with 5 x 10° M 2-
mercaptoethanol. Cells were incubated at 37°C for 3
days in a humidified 5% CO, atmosphere and pulsed
with 0.4 uCi of [>-H]thymidine [6-*H]thymidine, 22
Ci/mmol; New England Nuclear Corp., Boston,
Mass.) for 24 h before harvesting. For mitogenic
stimulation, 20 pl of concanavalin A (ConA, 20 pg/ml;
Miles Laboratories, Inc., Elkhart, Ind.), or 20 pl of
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lipopolysaccharide (LPS) from Escherichia coli
055:B5 (20 ng/ml; Difco Laboratories, Detroit, Mich.)
were added to 0.2 ml of the cell suspension. Acid-
insoluble materials from cultured cells were collected
on glass fiber filters, and isotope incorporation was
measured in a liquid scintillation counter.

In vitro infection of normal spleen cells with virus.
Virus for these experiments was prepared as follows.
Forty milliliters of a 10% (wt/vol) suspension of infect-
ed mouse brain was mixed with 20 ml of Freon 113
(dichloro-difluoromethane; Matheson Gas Instru-
ments, Palo Alto, Calif.) and homogenized in a Sorvall
Omni-Mixer (Dupont Instruments, Newtown, Conn.)
at the top speed (4,000 rpm) for 10 min. This homoge-
nate was subsequently centrifuged at 50,000 x g for 60
min. The aqueous supernatant (3 X 10° mouse LDsg of
virus per ml) was used as the source of virus.

The spleen cells were taken from normal BALB/c
mice aged 9 weeks and separated into macrophage, T-
cell, and B-cell fractions. Part of the T-cell fractions
and part of the B-cell fractions were stimulated in vitro
with ConA and LPS, respectively. For stimulation of
T cells and B cells, 4 pg of ConA or 40 pg of LPS was
added to each cell suspension (4 x 10° cells per 2 ml)
and cultured for periods ranging from 1 to 3 days.
Unstimulated and stimulated spleen cells were adjust-
ed to a concentration of 2.5 X 107 cells per 0.5 ml, and
equal volumes of Freon-extracted virus solution were
mixed with them. They were then incubated at 37°C
for 120 min. After incubation, the cells were washed
five times with PBS to remove the unadsorbed virus.
As a control, a normal spleen lymphocyte suspension
and the virus solution were incubated separately at
37°C for 120 min. They were then mixed and, immedi-
ately thereafter, washed five times with PBS.

Assay of infectivity of tissues and cells. Individual
tissues from CJD virus-infected mice were homoge-
nized in Tenbroeck grinders to a 10% (wt/vol) suspen-
sion in PBS and centrifuged in the cold (4°C) at 2,550 x
g for 30 min. Thirty microliters of the supernatants
was inoculated i.c. into each weanling recipient
mouse. The blood and the urine were inoculated i.c.
undiluted. To demonstrate viremia, a single dose of 30
pl of the buffy coat-enriched fraction was inoculated
i.c., and 100 pl of other fractions (serum and erythro-
cytes) collected at weekly intervals were inoculated
intraperitoneally. Once every week for 5 weeks, simi-
larly dialyzed urine, collected on a weekly basis from
the same mice, was inoculated i.c. at a dose of 30 ul.

Each spleen cell fraction taken from CJD virus-
infected mice or cells infected in vitro with CJD virus
was adjusted at an appropriate cell concentration in
PBS as described below. After treatment of three
cycles of freezing and thawing, 30 ul of each cell
suspension was inoculated i.c. into each weanling
mouse.

After 100 days, mice were examined three times a
week for overt signs of the disease, and the examina-
tion was continued up to 360 days after inoculation;
then asymptomatic survivors were killed for histologi-
cal study of the CNS. Incubation periods were calcu-
lated from the date when unmistakable signs of CJD
became apparent. Infectivity was quantitated by the
length of mean incubation periods and the incidence of
dead mice or by determining the amount of virus in
animal tissues or in vitro-infected spleen cells required
for 1 mouse LDs,.
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TABLE 1. Infectivity of tissues from BALB/c mice inoculated i.c. with 3.1 x 10* mouse LDs, of CID virus®

Infectivity at week after inoculation of virus:

Tissue
1 2 3 6 9 14 18
Brain 174 (5/5) 167 (6/6) 151 (717) 133 (5/5) 129 (5/5) 122 (7/7) 112 (717)
Spleen 167 (6/6) 133 (6/6) 129 (6/6) 126 (6/6) 126 (6/6) 136 (6/6) 151 (6/6)
Lung 154 (5/6) 139 (6/6) 146 (6/6) 149 (6/6) 186 (6/6)
Liver —0/7) —(0/7) —(0/7) —(0/7) —0/7) —0/7) 271 (5/5)
Kidney —(0/7) —(0/7) —(0/7) —(0/7) 190 (5/7) —0/7) —(0/7)
Thymus 153 (6/6) 162 (3/3) 181 (5/5)
Blood —(0/4) —(0/4) —(0/2) 281 (5/5) 213 (313) 156 (3/3) 142 (5/5)
Urine —(0/3) —(0/4) —(0/3) —(0/4) —(0/6) —(0/6) —(0/5)

“ For the infectivity assays, 0.03 ml of the supernatant of a 10% (wt/vol) homogenate of each tissue was
inoculated i.c. into weanling mice; to demonstrate viremia, 0.03 ml was inoculated intraperitoneally into mice;
0.03 ml of urine, previously dialyzed against PBS, was inoculated i.c. The results are expressed as the mean
incubation days (—, no infectivity) in the recipient mouse, with the number of dead mice/number of mice

examined within parentheses. The standard error was >2.5% of the mean incubation period.

RESULTS

Clinical and histological observation of CJD
virus-infected mice. Groups of 7 to 10 mice were
killed for the study of infectivity of tissues and
histology of the CNS at 1, 2, 3, 6, 9, 14, and 18
weeks after inoculation of virus. One group of 10
mice was used for clinical observation. This
group of mice exhibited typical signs of the
disease such as ruffled fur, weight loss, arched
back, plasticity of tail, and bradykinesia at ap-
proximately week 16 postinoculation; the mean
incubation period in this group was 112 days,
with a duration of clinical disease less than 2
weeks.

The characteristic histopathological changes
consisting of status spongiosis, astrocytic prolif-
eration and hypertrophy, and neuronal loss were
first noted in the CNS at week 9 postinoculation.

Infectivity of tissues from CJD virus-infected
mice. Infectivity was detected in the brain and
spleen from week 1 after inoculation of virus
(Table 1). Of tissues examined, the highest infec-
tivity was present in the brain or the spleen
throughout the infection. However, the mode of
replication of virus in the spleen was quite

different from that in the brain. The infectivity of
spleen reached its peak before the appearance of
clinical disease and decreased remarkably there-
after; meanwhile, the infectivity of brain in-
creased with time and reached its plateau ap-
proximately 18 weeks after inoculation, when all
surviving mice were moribund. Notably, the
highest infectivity was present in the spleen
from week 2 through week 9 postinoculation
even when the virus was inoculated i.c. Of other
tissues examined, moderately high infectivity
was found in the lung from week 3 postinfection
and in the thymus from week 9 postinfection
(Table 1). Low infectivity was detected tran-
siently in the kidney at week 9 and later in the
liver at week 18 post-inoculation. Infectivity was
present in the circulating blood from the sixth
week and persisted throughout the infection.
Infectivity was not detected in the urine.
Infectivity of spleen cells from CJD virus-infect-
ed mice. Initially, the infectivity of spleen mac-
rophages, T cells, and B cells was studied at the
week 18 after inoculation. In this experiment, a
dose of 2 X 10° cells was inoculated i.c. into
each recipient mouse. Infectivity was found in
each of the cell subpopulations (Table 2). How-

TABLE 2. Infectivity of spleen cell subpopulations taken from BALB/c mice with clinical CJD*

Cells Dose No. of mice Mean incubation
(cells/mouse)® dead/total (days) + SD

T cell-enriched fraction 2 x 10° "M 183 + 2
B cell-enriched fraction 2 x 106 17 184 + 3
Macrophage-enriched 2 x 10¢ 9/9 27 +3

fraction
Macrophages cultures 2 x 10° 719 276 = 3

in vitro for 4 weeks
Macrophages cultures 2 x 10°¢ 0/9

in vitro for 8 weeks

4 Each spleen cell subpopulation was prepared from mice 18 weeks after an i.c. inoculation of 3.1 x 10* mouse

LDs, of virus.

b Cells were inoculated i.c. after three cycles of freezing and thawing.
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FIG. 1. Density and percentage of spleen cells recovered in each fraction of a continuous density gradient of
Percoll. The cells were taken from mice at week 7, 12, and 18 after an i.c. inoculation of 3.1 X 10* mouse LDs; of
CJD virus and from normal mice at the same age. Ten 1.0-ml cell fractions were recovered and numbered from
the top of gradient. The pattern of distribution of cells throughout the gradient was essentially identical among

normal mice with different ages.

ever, the mean incubation period for mice inocu-
lated with the macrophage fraction was delayed
more than 40 days from those of mice inoculated
with lymphocyte fractions. The highest concen-
tration of virus was prsent in lymphocyte frac-
tions. The infectivity of macrophages was also
studied after 4 and 8 weeks of in vitro culture.
Infectivity was found in the macrophages after 4
weeks of culture, but the mean incubation peri-
od for the recipient mouse was prolonged more
than 50 days from that of mice inoculated with
the uncultured macrophages (Table 2). Infectiv-
ity was not detected in the macrophages after 8
weeks of culture.

Infectivity of spleen lymphocyte subpopulations
from CJD virus-infected mice. In an attempt to
determine which of the spleen lymphocyte sub-
populations were most infectious, spleen lym-
phocytes obtained from CJD virus-infected mice
at week 18 postinoculation were separated into
10 fractions on a continuous density gradient of
Percoll. The density profile of Percoll gradient
and the percentage of lymphocytes recovered in
each 1.0-ml fraction are shown in Fig. 1. Viable
cells were not found in the superficial fraction
(fraction 1), which consisted of 0.15 M NaCl
layered on the top of gradient, whereas the
viability of the cells was almost 100% in other
fractions. This result showed that dead cells did
not enter the gradient of Percoll. The pattern of
distribution of cells recovered in each fraction of
Percoll gradient in CJD virus-infected mice was
almost similar with that of normal mice of the
same age (Fig. 1).

The infectivity of cells from each cell fraction
could only be tested by the i.c. inoculation of 10°
cells per mouse because of low recoveries of

cells in fractions 9 and 10 (Fig. 1). The infectivity
was found in all fractions except fraction 9
(Table 3). It is evident that lymphocytes from
lower-density fractions (fractions 2 to §; densi-
ties, 1.03 to 1.08 g/ml, respectively) were more
infectious than those from higher-density frac-
tions (fractions 6 to 10; densities, 1.09 to 1.12
g/ml, respectively). The highest infectivity was
found in lymphocytes from fraction 3 (density,
1.05 g/ml) and fraction 4 (density, 1.07 g/ml) as
shown by both the shortest mean incubation
periods and the highest incidences of dead mice
in the recipient mice (Table 3). Morphologically,
large lymphocytes or blastoid cells were ob-
served in lower-density fractions, and small lym-
phocytes were observed in higher-density frac-
tions. This observation was confirmed by the
experiment on the lymphocyte thymidine up-
take. The level of [*H]thymidine uptake of lym-
phocytes from fractions 2 to 5 was higher than
that of lymphocytes from fractions 6 to 10 (Table
3). Furthermore, the fractionation of in vitro
mitogen-activated spleen T and B cells from
normal mice by Percoll showed that 90% of
activated lymphocytes were included in frac-
tions 2 to §5; fractions 3 and 4 contained more
than 70% of these activated cells (Fig. 2).
Infectivity of spleen T cells and B cells from
CJD virus-infected mice. The infectivity of
spleen T cells and B cells from CJD virus-
infected mice were further analyzed by the den-
sity separation with Percoll. This experiment
was performed in mice at week 9 after inocula-
tion when the spleen contained the highest infec-
tivity throughout the infection. In these experi-
ments two serial 1.0-ml fractions were mixed
and tested for their infectivity because of very
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TABLE 3. Infectivity of spleen lymphocyte subpopulations taken from BALB/c mice with clinical CID*

Infectivity® [*H]thymidine uptake of cells® (cpm)
Lymphocyte T "
yt‘ra‘::tiony No. of mice Mean incubation Unstimulated Stimulated with:
dead/total (days) + SD ConA LPS
Unfractionated S/8 21+ 9 706 50,072 12,584
Fraction 1
Fraction 2 7/8 225 + 25 640 93,716 18,763
Fraction 3 8/8 190 = 7 2,397 46,960 11,021
Fraction 4 8/8 183 = 2 5,460 87,692 27,852
Fraction 5 6/8 221 + 5 1,108 106,126 28,142
Fraction 6 4/8 226 = 4 507 94,425 14,512
Fraction 7 2/8 242+ 9 135 105,430 5,942
Fraction 8 1/8 216 = 0 104 66,740 2,608
Fraction 9 0/8 470 57,988 2,101
Fraction 10 177 248 + 0 199 67,456 2,134

¢ Spleen lymphocytes were prepared from mice 18 weeks after an i.c. inoculation of 3.1 X 10* mouse LDs, of
virus. Spleen lymphocytes were separated into 10 fractions on a continuous density gradient of Percoll. Fractions
were numbered from the top of the gradient.

b Lymphocytes were inoculated i.c. into the recipient mouse as a concentration of 10° cells per mouse after
three cycles of freezing and thawing.

¢ Lymphocytes were harvested after 3 days of culture. For mitogenic stimulation 0.4 ug of ConA or 4 ug of
LPS was added to each cell culture (4 X 10° cells per 0.2 ml).

low recoveries of cells in fractions 9 and 10  coincubation of cells with the virus for 120 min
(Table 4). Infectivity was found in both T-cell at 37°C. In this experiment, unstimulated macro-
and B-cell fractions, but much higher infectivity  phages, unstimulated T cells and B cells, and in
was found in the B-cell fraction. Evidence of vitro mitogen-activated T cells and B cells were
higher infectivity of the B-cell fraction than the  studied for their susceptibility to the virus. Table
T-cell fraction was shown by shorter mean incu- 5 shows the difference in the quantity of virus
bation periods, higher incidences of dead mice, present in each cell fraction. Macrophages and
and the lesser number of cells required for unstimulated T cells and B cells required ap-
mouse LDs in the recipient mice (Table 4). The proximately 10° cells for one mouse LDs,
highest infectivity was found in lower-density B-  whereas with 3-day activated T cells and B cells
cell fractions (fractions 2 to 4; densities, 1.03 to  fewer than 10° cells were required for one mouse
1.07 g/ml, respectively). In the case of T cells,
cells from lower-density fractions were also
more infectious than those from higher-density
fractions. a0k 1.10
Concurrently, the mitogenic ability of these :
infected spleen T cells and B cells was studied
(Table 4). The background [*H]thymidine up-
take was much higher in cells from the B-cell
fraction than those from the T-cell fraction. The
highest background [*H]thymidine uptake was
found in cells from fractions 3 and 4 of the B-cell
population, in which the highest infectivity was
also detected. In both cell fractions, cells from
lower-density fractions incorporated [*H]thymi-
dine more actively than those from higher-densi- 12 3 4 5 6 7 8 9 10
ty fractions. The proliferative response of spleen Number of Fractions )
T cells and B cells to each mitogen was well FIG. 2. Density and percentage of mitogen-activat-
preserved. Ther;a was no difference in the level g‘fl:p:z;ltli:u?d?:g:sg;eglrl: ‘;;‘i::vgtfege‘r'égﬁc%?";‘l’lg
of b?Ckgorund [ H]thyrpldlne uptake and prolif- were taken from normal BALB/c mice. For mitogenic
erative response to mgtoge.ns between normal stimulation 4 pg of ConA or 40 pg of LPS was added to
spleen cells and CID virus-infected ones. each T-cell or B-cell culture (4 x 10° cells per 2 ml).
In vitro infection of normal spleen cells with the  After 3 days of culture, cells were fractionated into 10
virus. The susceptibility of spleen cells to CJD  1.0-ml fractions with Percoll gradient. Fractions were
virus was also studied by means of in vitro numbered from the top of gradient.

30f 1.05

/ a T Cells 1.00

W B Cells

8
Density (g/ml)

-
(=]

% of Cells Recovered
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TABLE 4. Infectivity and thymidine uptake of spleen T cells and B cells taken from CJD virus-infected
BALB/c mice”

Infectivity of cells®

[*H]thymidine uptake of cells* (cpm)

Spleen lymphocyte

No. of cells for Stimulated with:

subpopulation I*Lc;.agft (r)l:;cle M(e::ylsl';cibislil)on mo::se LDq Unstimulated p— s
0810) n

T cells
Unfractionated 5/6 233 + 17 4.0 490 87,054
Fractions 1 and 2 517 219+ 4 4.0 342 54,674
Fractions 3 and 4 717 227 £ 17 4.3 785 99,333
Fractions 5 and 6 2/6 239+ § 5.0 313 74,128
Fractions 7 and 8 17 250+ 0 5.0 257 59,676
Fractions 9 and 10 0/7 172 29,013

B cells
Unfractionated 16/18 203 = 15 2.6 1,091 27,270
Fractions 1 and 2 SI7 211 £ 15 2.6 2,181 23,274
Fractions 3 and 4 6/7 181 = 10 2.6 5,473 63,604
Fractions 5 and 6 6/7 212 £ 17 3.5 1,944 44,878
Fractions 7 and 8 3/6 224 £ 2 5.0 350 16,787
Fractions 9 and 10 4/6 233 £ 13 4.5 362 8,568

< Spleen T and B cells were prepared from mice 9 weeks after an i.c. injection of 3.1 X 10* mouse LDs, of CID
virus. They were fractionated into 10 fractions on a continuous density gradient of Percoll. Fractions were

numbered from the top of gradient.

® Mice were inoculated i.c. with 3.3 X 10° cells per mouse.
< For mitogenic stimulation, 0.4 pg of ConA or 4.0 pg of LPS was added to each cell culture (4 x 10° cells per

0.2 ml).

LDs,. No virus was demonstrated in the cells
used as controls.

DISCUSSION

The present studies demonstrate the mode of
replication and temporal distribution of virus in
CJD in mice. Replication of a Japanese strain
(Fu) of CJD virus was indistinguishable from
that of scrapie virus; in scrapie in mice the virus
is present in the brain, spleen, thymus, and lung
at high titers and in the kidney and liver at low
titers (6, 22). The present studies also demon-
strated the persistence of viremia from the early
stage of infection in CJD. This result confirmed
the earlier observation of Manuelidis et al. (20)
in CJD in guinea pigs. The presence of infectiv-
ity in the peripheral blood was also reported by
our group (12) and others (3) in scrapie and by
Tateishi et al. (27) in CJD. In contrast, several
investigators have reported their faillure to de-
tect infectivity in the blood when whole blood
(24) or serum (6) were tested for infectivity. The
possibility of contamination of infectious tissues
into blood can be ruled out in the present studies
because the blood was taken by direct cardiac
puncture. The successful demonstration of vire-
mia in the present studies was obtained by serial
i.c. inoculation of buffy coat, suggesting that in
the peripheral blood maximum titer of virus
exists in leukocytes (buffy coat), rather than in
the serum or erythrocytes. The persistence of
viremia from the early stage of infection in the

present studies would also indicate that the
blood is the most likely vehicle for the second-
ary dissemination of virus from the initial repli-
cation sites in CJD.

The highest infectivity from the weeks 2
through 9 post-inoculation was observed in the
spleen even when the virus was inoculated i.c. A
number of findings can be construed as support-
ing this result. In scrapie in mice, in addition to
the findings of earliest rise in titer in the spleen
irrespective of route of infection (6, 22), there is
an increased incubation period in splenecto-
mized or spleenless mutant mice by the intra-
peritoneal route of inoculation (7, 8), suggesting
that there is an initial replicative phase of the
infection in the spleen. The question therefore
arises as to which spleen cell subpopulations are
involved in the initial extraneural replicative
phase of the infection. The present studies on
the infectivity of spleen cells at the early (week
9) and late (week 18) stages of the infection
demonstrated that lower-density lymphocytes
contained a high concentration of virus. Further,
spleen lymphocytes from lower-density frac-
tions of the Percoll gradient were highly en-
riched in blastoid cells synthesizing DNA active-
ly. Accordingly, it is assumed that developing
lymphocytes, i.e., the blastoid cells, play an
important role as the initial replication site of
virus in the pathogenesis of spongiform enceph-
alopathies. Experiments of in vitro infection of
spleen cells with CJD virus supported this view.
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TABLE 5. Infectivity of spleen cell subpopulations infected in vitro with CJD virus®

Amount of cells

Spleen lymphocyte subpopulations I:g;:/‘;::;ff M:::y's';‘::bggoﬂ folL g:)on‘x_se
Unstimulated cells
Macrophages 1/4 238+ 0 >5.0
Unfractionated lymphocytes 5/6 210 = 14 4.5
T cells 6/7 207 =17 4.4
B cells 1/7 204+ 0 >5.0
1-day stimulated cells
T cells 5/6 195+ 3 3.9
B cells m 180 = 2 4.0
2-day stimulated cells
T cells 71 168 = 2 3.6
B cells 71 171+ 5 3.5
3-day stimulated cells
T cells 717 170 = 7 2.7
B cells 1M 165 = 7 2.5

@ The cells were taken from normal BALB/c mice. For stimulation of T cells and B cells, 4 pg of ConA and 40
ug of LPS, respectively, were added to each cell culture (4 x 10° cells per 2 ml). Both unstimulated and
stimulated cells (2.5 x 107 cells per 0.5 ml) were coincubated with CJD virus (1.5 x 10° mouse LDs, per 0.5 ml) at
37°C for 120 min. The cells were then washed five times with PBS, adjusted to concentrations of 10° to 10° cells
per 3 ml, and treated with three cycles of freezing and thawing.

b The incidence of dead mice and mean incubation period in the recipient mouse inoculated intracerebrally

with 10° cells per mouse.

< The amount of cells needed for one mouse LDs, (log titer). The cells were inoculated i.c. at concentrations of

10° cells per mouse.

The activation of spleen lymphocytes with mito-
gens enhanced the susceptibility of cells to the
virus. Lavelle et al. (18) reported that in scrapie
virus-infected mice the highest infectivity was
detected in large spleen cells from lower-density
fractions of discontinuous albumin density gra-
dients, and the separation of macrophage-en-
riched fraction did not result in significant en-
richment of scrapie virus-infected cells.
Moreover, the susceptibility of mice to scrapie
was reduced after steroid administration (23),
whereas mitogenic stimulation of the host en-
hanced susceptibility to the disease (4). The
mechanisms of these phenomena are not under-
stood, but possible explanations are that these
immunological treatments eliminated or in-
creased activated lymphocytes providing the
initial replication site for virus. This view is not
surprising since it is well known that activated
lymphocytes have the capacity to support repli-
cation of diverse types of conventional viruses
(5, 17, 25, 29).

As for the difference in the infectivity between
T cells and B cells in the present studies, one
possible explanation for this difference could be
that genetically there is a higher susceptibility of
B cells to CJD virus. However, the experiments
of in vitro infection of spleen cells with the virus
showed that there was no difference in suscepti-
bility between T cells and B cells. The most
probable explanation for this difference is that

lower-density B cell fractions were highly en-
riched in blastoid cells having the capacity to
support virus replication. i

There exists a possibility that the contamina-
tion of free virus or dead cells introduced arti-
facts in the infectivity titer of each cell fraction;
however, the densities associated with the high-
est infectivity, i.e., 1.05 to 1.07 g/ml, were
absolutely different for the findings of buoyant
density studies of cell-free scrapie virus showing
peak infectivity at densities of 1.14 to 1.30 g/ml
(2, 26). Concerning the possible contamination
of dead cells into each cell fraction, we demon-
strated that dead cells did not enter the gradient
of Percoll. Gmelig-Meyling and Waldman (14)
also reported no entrance of dead cells into
Percoll gradients. Therefore, we assume that the
difference in the titer of infectivity resulted from
the difference in specific infectivity of each cell
fraction.

Recently, Garfin et al. (10, 11) reported that
the proliferative response of spleen lymphocytes
to LPS was significantly suppressed in scrapie
virus-infected BALB/c and C3H/Hel mice.
Their findings suggest that this unconventional
virus has a capacity to exert a biological influ-
ence on host cells. To test this hypothesis, the
responsiveness of CJD virus-infected spleen
lymphocytes to mitogens was analyzed in detail.
Spleen lymphocytes were fractionated into T
cells and B cells and thereafter further fraction-
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ated into five fractions by continuous density
gradients of Percoll. The results of these experi-
ments showed that CJD virus did not exert any
biological influence on the ability of T cells and
B cells to respoiid to mitogens. Our previous
experiments of coincubation of normal spleen
cells with CJD virus in the presence of ConA or
LPS for periods ranging from 2 to 5 days also
showed that the virus exerted no influence on
the mitogen-driveri lymphocyte proliferative re-
sponse.

The strain of CJD virus used in the present
studies is different from other strains in that this
strain was associated with considerable status
spongiosis of the white matter of the patient’s
brain as well as the brains of experimentally
infected animals, and it could be transmitted into
small rodents (27, 28). However, fundamental
physical and chemical properties and biological
behaviors are essentially the same with other
strains of CJD virus and scrapie virus (27, 28).
Therefore, the general phenomenon in the

pathogenesis of CJD in mice may be identical to .

that in primates. Accordingly, of particular sig-
nificance to our understanding of CJD infection
in humans is the finding of the wide dissemina-
tion and persistence of high concentrations of
virus in extraneural tissues, including blood,
long before the onset of clinical disease.

LITERATURE CITED

1. Asher, D. M., C. J. Gibbs, Jr., and D. C. Gajdusek. 1976.
Pathogenesis of subacute spongiform encephalopathies.
Ann. Clin. Lab. Sci. 6:84-103.

2. Brown, P., E. M. Green, and D. C. Gajdusek. 1978. Effect
of different gradient solution on the buoyant density of
scrapie infectivity. Proc. Soc. Exp. Biol. Med. 158:513-
516.

3. Clarke, M: C., and D. A. Haig. 1967. Presence of the
transmissible agent of scrapie in the serum of affected
mice and rats. Vet. Rec. 80:504.

4. Dickinson, A. G., H. Fraser, I. McConnele, and G. W.
Outram. 1978. Mitogenic stimulation of the host enhances
susceptibility to scrapie. Nature (London) 272:54-55.

5. Edelman, R., and E. E. Wheelock. 1966. Vesticular stoma-
titis virus replication in human leukocyte cultures: en-
hancement by phytohemagglutinin. Science 154:1053-
1055.

6. Eklund, C. M., R. C. Kennedy, and W. J. Hadlow. 1967.
Pathogengsis of scrapie virus infection in the mouse. J.
Infect. Dis. 117:15-22.

7. Fraser, H., and A. G. Dickinson. 1970. Pathogenesis of
scrapie in the mouse: the role of spleen. Nature (London)
226:462-463.

8. Fraser, H., and A. G. Dickinson. 1978. Studies of the
lymphoreticular system in the pathogenesis of scrapie: the
role of spleen and thymus. J. Comp. Pathol. 88:563-573.

9. Gajdusek, D.C. 1977. Unconventional viruses and the
origin and disappearance of kuru. Science 197:943-960.

10. Garfin, D. E., D. P. Stites, J. D. Perlman, S. P. Cochran,
and S. B. Prusiner. 1978. Mitogenic stimulation of spleno-
cytes from mice infected with scrapie agent. J. Infect. Dis.
138:396-400.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

29.

CJD IN MICE 161

Garfin, D. E., D. P. Stites, L. A. Zitnik, and S. B.
Prusiner. 1978. Suppression of polyclonal B cell activa-
tion in scrapie-infected C3H/HeJ mice. J. Immunol.
120:1986-1990.

Gibbs, C. J., Jr., and D. C. Gajdusek. 1978. Subacute
spongiform virus encephalopathies: transmissible virus
dementia. Aging 7:559-575.

Gibbs, C. J., Jr., D. C. Gajdusek, and C. L. Masters. 1978.
Considerations of transmissible subacute and chronic
infections, with a summary of the clinical and virological
characteristics of kuru, Creutzfeldt-Jakob disease and
scrapie, p. 115-130. In K. Nandy (ed.), Senile dementia: a
biomedical approach. Elsevier/North-Holland Biomedical
Press, New York.

Gmelig-Meyling, F., and T. A. Waldman. 1980. Separation
of human blood monocytes and lymphocytes on a contin-
uous Percoll gradient. J. Immunol. Methods 33:1-9.
Horstmann, D. M. 1952. Poliomyelitis virus in blood of
orally infected monkeys and chimpanzees. Proc. Soc.
Exp. Biol. Med. 79:417-419.

Julius, M. H., E. Simpson, and L. A. Herzenberg. 1973. A
rapid method for the isolation of functional thymus-
derived murine lymphocytes. Eur. J. Immunol. 3:645-
649.

Kleiman, L. F., S. Kibrick, F. Ennis, and P. Polgar. 1972.
Herpes simplex virus replication in human lymphocyte
cultures stimulated with phytomitogens and anti-lympho-
cyte globulin. Proc. Soc. Exp. Biol. Med. 141:1095-1099.
Lavelle, G. C., L. Sturman, and W. J. Hadlow. 1972.
Isolation from mouse spleen of cell populations with high
specific infectivity of scrapie virus. Infect. Immun. 5:319-
323.

Manuel, V., and V. Defendi. 1971. Regulation of DNA
synthesis in mouse macrophages. I. Sources, action and
purification of the macrophage growing factor (MGF).
Exp. Cell Res. 65:33-42.

Manuelidis, E. E., E. J. Gorgacz, and L. Manuelidis. 1978.
Viremia in experimental Creutzfeldt-Jakob disease. Sci-
ence 200:1069-1071.

Marsh, R. F., J. M. Miller, and R. P. Hanson. 1973.
Transmissible mink encephalopathy: studies on the pe-
ripheral lymphocyte. Infect. Immun. 7:352-355.

Outram, G. W. 1976. The pathogenesis of scrapie in mice,
p. 325-357. In R. H. Kimberlin (ed.), Slow virus diseases
of animals and man. North-Holland Publishing Co., Am-
sterdam.

Outram, G. W., A. G. Dickinson, and H. Fraser. 1974.
Reduced susceptibility to scrapie in mice after steroid
administration. Nature (London) 249:855-856.

Parrison, 1. H., and G. C. Milson. 1962. Distribution of the
scrapie agent in the tissues of experimental inoculated
goat. J. Comp. Pathol. 72:233-244.

Paul, P. S., W. L. Mengeling, and T. T. Brown, Jr. 1979.
Replication of porcine parvovirus in peripheral blood
lymphocytes, and peritoneal macrophages. Infect. Im-
mun. 25:1003-1007.

Siakotos, A. N, D. C. Gajdusek, C. J. Gibbs, Jr., R. D.
Traub, and C. Bucana. 1976. Partial purification of the
scrapie agent from mouse brain by pressure disruption
and zonal centrifugation in sucrose-sodium chloride gradi-
ents. Virology 70:230-237.

Tateishi, J., M. Ohta, M. Koga, Y. Sato, and Y. Kuroiwa.
1980. Transmission of chronic spongiform encephalop-
athy with kuru plaques and leukomalacia to small rodents.
Ann. Neurol. 5:581-584.

. Tateishi, J., Y. Sato, M. Koga, H. Doi, and M. Ohta. 1980.

Experimental transmission of human subacute spongiform
encephalopathy to small rodents. I. Clinical and histologi-
cal observations. Acta Neurolpathol. 51:127-134.
Willems, F. T. C., J. L. Melnick, and W. E. Rawls. 1969.
Replication of poliovirus in phytohemagglutinin-stimulat-
ed human lymphocytes. J. Virol. 3:451-457.



