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SUMMARY

1. To test whether an ischemic insult increases the susceptibility 1o cyclosporine A
(CsA)-induced neurotoxicity, we examined the effect of CsA on the minimal electroshock-
induced convulsions in mice treated with a transient middle cerebral artery occlusion

(MCAO) for a short period (2 h).

2. This MCAO produced small to mid-sized infarcted regions in the cerebral hemi-
sphere with increasing post-operative days. In MCAO mice, CsA (30 mg/kg, i.p.) elevated
the incidence of minimal electroshock-induced convulsions to 90-100% over that in sham

mice (20-30%) at 1-7 days but not 14 days post-surgery.

3. Inlight of these findings, the possibility that CsA increases the risk of convulsions in
patients with cerebral infarction and/or at an early stage following focal cerebral ischemia

would have to be considered.

KEY WORDS: cyclosporin A; electroshock-induced convulsions; middle cerebral artery

occlusion; blood-brain barrier; mice.

INTRODUCTION

Cyclosporin A (CsA), an immunosuppressant, is widely used to prevent allograft
rejection in solid organ transplantation and to treat various autoimmune diseases.
CsA induces adverse events including renal, cardiovascular and gastrointestinal dis-
orders. Neurological complications occur with a relatively high frequency (20-40%)
(Gijitenbeek et al., 1999; U. S. Group, 1994). The delivery of CsA into the brain is
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restricted by P-glycoprotein, a multi-drug efflux pump, and the tight junctions of
brain capillary endothelial cells. CsA inhibited the function and expression of P-
glycoprotein (Kochi ef al., 1999) and increased the permeability of brain endothelial
cells (Dohgu et al., 2000), suggesting that CsA could pass through the blood-brain
barrier (BBB) due to the impaired function. In the present study, to test whether
CsA induces neurotoxicity by passing through the damaged BBB and/or the recon-
stituted BBB with an incomplete function after an ischemic insult, we examined the
effect of CsA on minimal electroshock-induced convulsions in mice treated with a
transient middle cerebral artery occlusion (MCAO) for a short period (2 h).

MATERIALS AND METHODS

Male dd¥Y mice weighing 25-35 g (Kyudo, Kumamoto, Japan) were housed in
a room at a temperature of 22 £ 2°C under a 12-h light/dark schedule (lights on
at 7:00 hours) and given water and food ad libitum. All the procedures involving
experimental animals adhered to the law (No. 105) and notification (No. 6) of the
Japanese Government, and were approved by the Laboratory Animal Care and Use
Committee of Fukuoka University.

The pharmaceutical formulation of CsA (Sandimmun® injection, 250 mg/5 mL/
ampule, Novartis Pharma, Tokyo, Japan) was used after a dilution with saline.
The vehicle solution for CsA consisted of 13% polyoxyethylene castor oil (Cre-
mophor EL®, Sigma, St. Louis, MO, USA) 7% ethanol, and 80% saline (the
same mlxture as the vehicle for Sandimmun® injection). A reagent for histolog-
ical examination, 2,3,5-triphenyltetrazolium chloride (TTC), was purchased from
Sigma.

Anesthesia was induced by 2% halothane (Flosen, Takeda, Osaka, Japan) and
maintained with 1% halothane. Focal cerebral ischemia was induced by occlusion of
the middle cerebral artery using the intraluminal filament technique (Mishima et al.,
2003). After a midline neck incision, the left common and external carotid arteries
wereisolated and ligated. An 8-0 nylon monofilament (Ethilon, Johinson & Johinson,
Tokyo, Japan) coated with silicon resin (Xantopren, Heleus Dental Material, Osaka,
Japan) was introduced through a small incision into the common carotid artery and
was advanced to a position 9 mm distal from the carotid bifurcation for occlusion
of the middle cerebral artery. Two hours after MCAO, animals were re-anesthetized
with halothane, and reperfusion was established by withdrawal of the filament. The
sham-operated mice were subjected to the procedure mentioned above without
MCAO. At the end of the experiment, mice were decapitated under anesthesia with
pentobarbital Na (40 mg/kg, i.p., Nembutal, Dainippon, Osaka, Japan) and brains
were removed. Coronal sections were cut 2-mm thick and incubated in physiological
saline containing 2% TTC at 37°C for 15 min for histological examination of the
MCAO-induced brain damage.

Effect of CsA or vehicle on the minimal electroshock-induced convulsions
was examined at 1, 3, 7 and 14 days after the sham-operation or MCAO. CsA
(10 and 30 mg/kg) or vehicle was administered i.p. in a volume of 0.1 mL/10 g
body weight. Sixty minutes after the injection, each mouse was subjected to the
minimal electroshock (10 mA, at a frequency of 60 Hz, applied for 0.2 s) using
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external corneal electrodes connected to an electroshock convulsive stimulator unit
(MK-800, Muromachi Kikai, Tokyo, Japan) and placed individually in an acrylic
cage (18 x 28 x 34 cm). The observations were made during a 2-min period with a
camcorder (VL-DC1, Sharp, Tokyo, Japan) and stored on digital video tape. The
durations of clonic and tonic-clonic convulsions were measured with a video player
by two observers blinded to the pretreatment with CsA or vehicle. The minimal
electroshock-induced convulsions were defined as positive when they lasted for
more than 2 s. Only one of 12 normal mice showed convulsions for 1 s.

Statistical analysis was performed using Fisher’s exact probability test. A value
of P < 0.05 was considered significant.

RESULTS

Histological observations with TT'C staining indicated that MCAO for 2 h pro-
duced a small infarcted region in the caudate putamen of the cerebral hemisphere
with a relatively mild insult (an irregular pallor) at 1 day after the operation (Fig. 1).
The size and intensity of infarction gradually increased in the cuadate putamen and
cerebral cotex at 3-7 days, reaching a maximum at 14 days. Minimal electroshock
did not induce convulsions in sham mice treated with vehicle. When CsA (10 or 30
mg/kg) was given, convulsions were induced by electroshock in 20-30% of sham
mice at 1-14 days post-surgery (Fig. 2A). In MCAO mice treated with vehicle,
electroshock-induced convulsion was observed in 1 of 8 mice at 1 day, but not at
3-14 days post-surgery (Fig. 2B). In MCAO mice, CsA (10 mg/kg) moderately in-
creased the incidence of convulsions to 67% over the level in sham mice (20-30%)
at 1 day but not at 3-14 days after operation (Fig. 2). CsA (30 mg/kg) markedly
increased the incidence of convulsions to 90-100% at 1-7 days, but this increase was
not observed at 14 days after the operation in MCAO mice (Fig. 2B).

DISCUSSION

Treatment with MCAO is employed to make an animal model of transient focal
cerebral ischemia (Brown et al., 1995; Sydserff et al., 2002). In the present study, a
short (2 h) MCAO produced small to mid-sized infarcted regions with increasing
post-operative days in the caudate putamen and cerebral cortex, when compared
with the usual MCAO method (4 h) (Mishima et al., 2003) (Fig. 1).

A high dose of CsA (30 mg/kg) markedly aggravated the electroshock-induced
convulsions in MCAO mice. This action appeared at an early stage (1-7 days) but
not late stage (14 days) post-MCAQ. An ischemic event has been known to cause
disruption of the BBB (Cipolla et al., 2004). Nishigaya et al. demonstrated using
an immunohistological staining of endothelial barrier antigen that impairment and
restoration of the brain endothelial barrier occurred in the post-ischemic period of
1-7 days and 14-28 days, respectively, in rats with MCAQO for 2 h. Taken together
with this evidence, the present findings suggest that CsA probably penetrates the
brain through the impaired BBB at an early stage following ischemic insults and
consequently has an adverse central action. The reconstituted BBB at a late-stage
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Fig.1. Rcpresentative photographs showing coronal
sections of the caudate putamen and cerebral cortex
stained with 2% 2,3,5-triphenyltetrazolium chloride
at 1, 3, 7 and 14 days after a transient middle cere-
bral artery occlusion for 2 b and at 7 days after sham
operation (Sham).

post-MCAO may limit the delivery of CsA. Our previous findings in vitro demon-
strated that CsA impairs brain endothelial barrier function by accelerating NO
production in brain endothelial and astroglial cells (Ikesue et al., 2000; Dohgu et al.,
2000; Yamauchi et al., 2005). This action of CsA may be effective against the damaged
BBB and/or the reconstituted BBB with an incomplete function at an early stage fol-
lowing the pathological insult. CsA is known to induce convulsions as a result of an
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Fig. 2. Effect of cyclosporin A (CsA) on minimal electroshock-induced con-
vulsions in sham-operated mice (Sham) (A) and in mice with a transient middle
ccrcbral artery occlusion for 2 h (MCAO) (B). Valucs arc cxpressed as the in-
cidence (%) of convulsions in mice injected with vehicle or CsA 1 h belore
the test. The number of mice used in each treatment is indicated in parenthe-
ses. **P < 0.01 and ***P < 0.001; significant difference from each corresponding
group treated with vehicle.

interaction between NO and the y-aminobutyric acid system in the hippocampus
(Shuto et al., 1999; Fujisaki et al., 2002). This may be interpreted as a possible mech-
anism for the adverse central action of CsA after penetration of the brain. The
possibility that MCAO influences these neuronal systems and increases the suscep-
tibility to the deleterious effect of CsA on convulsions could not be excluded.

There is experimental evidence that CsA at low doses produces neuroprotective
effects when given 30 min before or several minutes to 3 h after brain ischemia
(Kuroda et al.,1999; Yoshimoto et al., 1999). In these studies, CsA prevented neuronal
cell death including necrosis and apoptosis and decreased the infarct volumes in the
brain. The different dosing schedule and doses of CsA are probably responsible for
the discrepancy in the results.

Inlight of these findings, the possibility that CsA increases the risk of convulsions
in patients with cerebral infarction and/or at an early stage following focal cerebral
ischemia would have to be considered.
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Reciprocal Interference Between
Specific CJD and Scrapie Agents in
Neural Cell Cultures
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Infection of mice with an attenuated Creutzfeldt-Jakob disease agent (SY-CJD)
interferes with superinfection by a more virulent human-derived CJD.agent (FU-
CJD} and does not require pathological prion protein (PrPres). Using a rapid
coculture system, we found that a neural cell line free of immune system cells
similarly supported substantial CJD agent interference without PrPres. In ad-
dition, SY-C|D prevented superinfection by sheep-derived Chandler (Ch) and 22L
scrapie agents. However, only 22L and not Ch prevented FU-CJD infection, even
though both scrapie strains provoked abundant PrPres. This relationship between
particular strains of sheep- and human-derived agents is likely to affect their

prevalence and epidemic spread.

In transmissible spongiform encephalopathies
(TSEs) such as human CJD, sheep scrapie,
and bovine spongiform encephalopathy (BSE),
B and T cell adaptive immune responses to a
foreign infectious agent have not been detected
(1). Nonetheless, an attenuated CJD agent, des-
ignated SY, was able to prevent superinfection
by the more virulent and rapidly lethal FU-CJD
agent (2). These experiments exploited two hu-
man CJD agents that, when passaged in mice,
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were readily distinguished by profound differ-
ences in the incubation time to disease and
the distribution of brain lesions. The attenu-
ated “slow” SY produced only small medial
thalamic lesions typical of sporadic CID in
mice, whereas the virulent “fast” FU strain,
isolated only in Japan, caused widespread
severe lesions with many amyloid deposits
(Table 1). Clear protective effects of SY-
CJD against superinfection by FU-CID were
demonstrable with both intracerebral and
peripheral challenges, and SY-protected
mice could live free of disease for >600 days,
a typical mouse life span (3, 4). By compar-
ison, there was minimal interference be-
tween scrapie strains 22C and 22A (5). This
raised the possibility that protective effects
might be restricted to particular strains of

REPORTS

CJD or to unusual agent strain combinations.
We sought ways to evaluate interference be-
tween different combinations of TSE agents,
and to determine whether apparently un-
related agents—such as those propagated
from human CJD and from sheep scrapie
cases—could be antagonistic.

Mice can respond to CJD agents through a
variety of myeloid cell and innate defense
mechanisms (6-8). Thus, it was relevant to de-
termine whether different agent strains could
prevent superinfection in simplified cell cul-
tures that lack B, T, and myeloid cells. Neural
cells, which can be susceptible to TSE agents,
would be incapable of producing many of the
myeloid cell cytokines that can participate in
strain interference in vivo. If interference could
be demonstrated in neural cells, it would show

- that more universal cellular pathways are suf-

ficient for protection. These culture models also
might be used to identify crucial, and possibly
novel, molecular pathways of nnate immunity
to TSE agents.

We developed a rapid, simple, and flexible
test of interference in GT1-7 cells (hereafter
called GT cells), a murine hypothalamic cell
line. We previously found that these cells
support the replication of a variety of mouse-

passaged CJD and scrapie agents (Table 1)

(9, 10). A neomycin-resistant plasmid was in-
troduced into the target GT cells (GTneo) to
allow their selection by G418 antibiotic treat-
ment (17) (Fig. 1). Infected GT challenge cells
were killed by adding G418 to cocultures, and
the pure GTneo target cells were then pas-
saged and assayed for PrPres, a surrogate mark-
er for infection in GT cells. Although PrPres
does not quantitatively correlate with infectious

www.sciencemag.org SCIENCE VOL 310 21 OCTOBER 2005
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Table 1. Cell lines and TSE agents for testing
interference, Agents, their source, and the number
of cell passages after infection at the time of
challenge are shown. By convention, TSE agent
names identify the natural host. Thus, scrapie
agents are derived from sheep, CJD agents from
humans, CWD agents from cervids, and BSE
agents from cows. Hence, the terms mouse
scrapie and PrpSc (i, PrPres in mice infected
with scrapie) indicate infection with sheep-
derived agents. The UK Chandler (Ch) “drowsy”
strain [equivalent to Rocky Mountain Laboratory
(RML) scrapie], from a goat with experimental
scrapie, is distinct from 22L scrapie (typical
scratching scrapie in sheep from brain pool
SSBP1). These scrapie strains are clearly different
from CJD and BSE agents propagated in mice (ie.,
their separate identities are not made homoge-
neous by the murine host). CJD encompasses all
subsets of human TSE infectious agents except
kury, including those isolated from patients with
PrP mutations such as PrP 102L of Gerstmann-
Striussler-Sheinker disease {GSS). SY-CJD causes
circumscribed thalamic lesions only after =350
days in mice, and it is representative of sporadic
CJD agents in the Western hemisphere, including
agents isolated from GSS patients (23). No CJD
agent similar to the representative Japanese fast
FU-CJD agent (“CJD-Fukuoka-1") that induces
widespread PrP amyloid deposits and severe
demyelination has ever been isolated outside of
Japan. Because FU-CJD and the Ch and 22L
scrapie strains all cause widespread brain pathol-
ogy, interference between these strains cannot be
assessed in mice.

Cell line étgr:?: Origin Passages
GT (GT1-7) — — —
SY+GT sY CJD sporadic: >106
USA
FU+GT FU CJD (GSS 102L): >110
Japan
Ch+GT Ch  “Drowsy"” scrapie: =50
UK
22L+GT 22L “Scratching” scrapie: =50
UK
GTneo Mock — >15
SY+GTneo  SY CJD sporadic: =110
USA
Ch+GTneo Ch  “Drowsy” scrapie: >15
UK

22L+GTneo 22L “Scratching” scrapie: 215
UK

titers, and may not be detectable in all infectious
samples [e.g., (I, 4, 12, 13)], its presence does
indicate infection in GT cells (J0).

GTneo target cells were exposed to un-
infected brain tissue or to equal numbers of
uninfected donor cells (i.e., mock-infected as
in Fig. 1A). Such control GTneo cells should
fail to produce PrPres. In contrast, mock-
infected GTneo cells challenged with infected
GT cells should become persistently infected
and display PrPres long after the GT cells are
removed by G418 treatment. Challenges of
GTneo cells by GT cells infected with the
agents 22L scrapie (GT+22L), Ch scrapie
(GT+Ch), or FU-CID (GT+FU) were rapidly
effective (Fig. 2A). A large amount of PrPres
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Fig. 1. In vitro interference strategy: Coculture challenges of (A) uninfected control cells, (B) SY-
infected cells, and (C) scrapie-infected cells. Target GTneo cells were challenged with mock GT or
infected GT cells by coculture for 2 days. GT challenge cells were then Killed by G418 treatment,
and resistant GTneo cells were analyzed for PrPres (17). For FU challenges, GTneo cells were newly
infected with 22L or Ch scrapie brain homogenates and passaged >15 times before coculture.

was produced by all the control target cells
after challenge with infected GT cells, but no
PrPres was present afler exposure to unin-
fected brain tissue (in this and in three or more
repeat experiments per condition). Further in
vitro passages of these GTneo target cells
showed stable production of PrPres, indicating
persistent infection by each of the challenge
agents. Some TSE agenis have been associ-
ated with variant PrPres band patterns (/).
The three major PrPres bands were the same
in all infected cells. However, an extra, highly
reproducible, 13-kD band of PrPres was seen
only in FU-infected cells. Antibodies identi-
fied this as a C-terminal PrPres fragment (Fig.
2A, C-13). Because this band was not present
with any of the other agents, we could use it to
specifically diagnose FU superinfection.
Moreover, with all challenge agents, rapid
infection with de novo production of large
amounts of PrPres was apparent by 25 days in
culture, whereas intracerebral inoculation with
FU homogenates takes more than 90 days to
induce brain PrPres (8).

In parallel with these controls, we tested
whether SY could interfere with FU superin-
fection in culture as it does in mice, and we
also tested whether SY infection could reduce
susceptibility to presumably unrelated scrapie
agents (Fig. 1B). The neomycin plasmid was
added to PrPres-negative but persistently
infected SY cells (as verified by repeated
bioassays) (I0, 1I). The lack of PrPres in
SY-infected target cells greatly simplified the
interference assay. Afier challenge, a continued
lack of PrPres would indicate that covert SY
infection protected cells from superinfection. In

all these experiments, the number of infectious
particles in challenge cells was higher than in
target cells by a factor of 210,000 ({1). No
PrPres was detected in the GTneo+SY cells
challenged with 221 cells (SY/22L lane, Fig.
2B). Thus, SY infection interfered with 22
superinfection. G418 selection also visibly
removed all of the abundant PrPres of chal-
lenge cells. Persistent SY infection additionally
interfered with GT+Ch scrapie agent and
GT-+FU CJD agent challenges. Only a barely
detectable smear of signal was seen in the
PrPres gel region (Fig. 2B). Moreover, the 13-
kD PrPres band elicited by FU infection was
never detectable in the FU-challenged SY cells,
and the lack of any distinguishing strain-
specific PrPres patterns for the other three
common major PrPres bands made it im-
possible to determine whether the + signal
was due to low levels of the challenge strain.
Two repeat experiments reconfirmed that SY
interfered with superinfection by 22L, Ch, and
FU agents (Table 2). Although the PrPres
results do not permit us to conclude that there
was complete prevention of superinfection, the
interference of SY against 221, Ch, and FU
agents in vitro was manifest, and in marked
contrast to the results with unprotected cells.
Because the 13-kD PrPres band was seen
only after FU infection (Fig. 24), it was
possible to test whether scrapie agents could
protect against the FU-CID agent (Fig. 1C).
We established new persistent infections of
GTneo cells by standard application of in-
fected brain homogenates (9, 70), and verified
that these newly infected GTneo cells con-
tinued to produce substantial amounts of
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CJD challenge (FU) of 22L scrapie GTneo cells {left} versus challenge of Ch scrapie GTneo cells (right).
Mack controls (~) both show high levels of PrPres in scrapie-infected cells before FU challenge. After
FU challenge of 22L cells, the pattern and amount of PrPres is unchanged, indicating no appreciable
superinfection, and the C-13 band is undetectable. In contrast, massive superinfection by FU is
apparent in Ch-infected cells, with markedly increased PrPres and a clear 13-kD band (C-13). (D)
Superinfection of “cured” 22L cells treated with pentosan polysulfate (22L-+PPS). PrPres is not
detectable in the "cured” unchallenged cells (left lane) as compared with the original 22L-infected cells
in (C). "Cured" cells challenged with FU became susceptible to FU superinfection and showed the C-13
FU diagnostic band (middle lane, arrow). The “cured” cells, however, showed less PrPres than did the
parallel FU-challenged uninfected controls (right lane), possibly suggesting residual 22L scrapie agent.
{E) Mock- and SY-infected target cells {minus neo plasmid or G418 selection) challenged with GT+FU
cells separated by a 0.4p filter. Mock cells becarne infected {positive for PrPres, left), whereas SY-
infected cells were protected (right). C-13 is not seen in whole-cell lysates (77).

Table 2. Interference results in three replicate experiments. Symbols: +, strong PrPres signal (positive
infection); —, no detectable PrPres; =, barely detectable or questionable PrPres signal between 19 and 30
kD. C-13 is the FU diagnostic band. FU-CJD, 221, and Ch scrapie infectious challenges were of greater

magnitude than in previous in vive studies (77).

Agent PrPres
interference

1° first 2° challenge 19 to 30 kD C-13

Mock FU-CJD +/+/+ +/+71+ No
Mock 221 scrapie 1+ + -1/~ No
Mock Ch scrapie +/+/+ -/=7~ No
SY-CJD Mock -/ -/~ —-/ =]~ —
SY-CJD FU-CJD t/-/- -~/ =/- Yes
SY-CJD 22L scrapie -/x/= -/ -1~ Yes
SY-CJD Ch scrapie /-7~ -/-/- Yes
221 scrapie FU-CJD +/+/+ ~ =/~ Yes
Ch scrapie FU-CJD +/ 41+ +/ 4+ 14+ No

pathologic PrPres for >15 in vitro passages
before challenging them with GT+FU cells.
Both the 221 and Ch scrapie-infected GTneo
cells, but not the parallel mock-infected cells,
showed large amounts of the three major
PrPres bands, but not the extra 13-kD band
that was diagnostic for FU infection. These 221
and Ch scrapie-infected GTneo cells were then
challenged with FU+GT cells that displayed
the 13-kD band (as in Fig. 2A). A large in-
crease in PrPres and/or the appearance of the
extra 13-kD PrPres band in scrapie-infected
GTneo cells would show that these particular
scrapie agents failed to prevent superinfection
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by FU. Superinfection would also prove that
high levels of PrPres are not protective.

The scrapie strains 22L and Ch displayed
markedly different capacities for interfering
with FU superinfection (Fig. 2C). Target 221
cells were protected against FU superinfection.
The PrPres intensity and band patterns of 221,
cells exposed to FU (22L/FU lane, Fig. 2C)
were the same as in 22L controls (22L/- lane),
and the lack of the FU-diagnostic 13-kD
PrPres band further confirmed that only the
initial 221 infection was present. The 13-kD
PrPres band also did not appear with addi-
tional in vitro passages, indicating that FU was

REPORTS

probably not covertly contaminating the target
cells. These results were reproducible (Table 2).
In sharp confrast, Ch scrapie infection did
not protect GTneo cells from FU super-
infection. PrPres accumulation in these FU-
challenged cells (C/FU lane, Fig. 2C) was
considerably more intense than in mock cells
(Ch/~ lane), and consistent with the amount
of pathologic PrPres that would be provoked
by infection with both agents. Additionally,
there was a strong 13-kD PrPres signal indi-
cating FU superinfection (Fig. 2C and Table 2).
Hence, enormous amounts of PrPres provoked
by the Ch agent did not prevent massive super-
infection by a second strain. Because in situ
studies show that FU infects most GT cells
(10), it is likely that a fair proportion of the
Ch/FU cells were doubly infected. Brain tissue
can also be doubly infected, and each agent
breeds true despite cocultivation in that tissue
for >200 days (3). In sum, two scrapie strains
eliciting the same PrPres band pattern show
markedly different susceptibilities to a CJD
agent that provokes an extra PrPres band.
To further show that interference depended
on persistent infection, we “cured” GT+22L
neo cells by treating them with pentosan
polysulfate (/1) until PrPres was undetectable
(Fig. 2D). We then challenged these “cured”
22L cultures and parallel mock controls with
GT+FU as above. These “cured” cultures
became susceptible to FU superinfection and
showed the diagnostic FU 13-kD band (Fig.
2D), unlike the 22L-protected cells (Fig. 2C).
This experiment also shows that the 22L
agent, rather than some new cellular charac-
teristic induced by neo plasmid/G418 selec-
tion, was the ultimate cause of interference.
Direct cell-to-cell contacts may aid agent
transmission in vivo, as in the transfer of
infectious agent from follicular dendritic cells
to transiting white blood cells (/5). We found
that concentrated supernatants from both 221.-
and FU-infected GT cells were less infectious
than the remaining whole washed cells by a
factor of ~1000, as measured by bioassay. We
also prevented direct cell-to-cell contact with
0.4y filters placed between challenge cells and
GT4SY target (minus neoplasmid) cells. This
would permit the transit of large viruses and
aggregates but not whole cells. Equal numbers
of healthy challenge and target cells were
plated and exposed for 2 days, and the sep-
arated target cells were then passaged and
analyzed (/7). Target control cells required >8
in vitro passages to produce PrPres and did not
always become positive, unlike the cocultures
described above. However, despite this caveat,
SY infection did interfere with FU super-
infection as compared to more typical controls
(Fig. 2E). Thus, SY infection rather than neo
transformation and G418 selection was the
primary cause of interference.
We have shown that infected neural cells
in culture carry all the requisite features for
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mounting a substantial TSE interference effect.
No immune system cells were necessary for
this protection, and stable interfering infections
were reproducibly achieved without cloning.
Interference did not depend on the presence or
absence of abnormal PrP. Only persistent in-
fection protected target cells from superinfec-
tion. Additionally, only particular ageni-strain
combinations showed positive interference, and
these could not be predicted from cellular PrPres
amounts or banding patterns. Moreover, despite
continuous replication in cells with PrPres band
patterns very different from those found in brain
tissue, SY and FU CJD agents each breed true
when reinoculated into mice, as does rodent-
passaged scrapie reinoculated in sheep (10).
The stability of the BSE agent also contrasts
with the many different PrPres patterns scen in
various affected species. Together, these results
are not compatible with the common assump-
tion that TSE strains are encoded by some un-
resolved type of PrPres folding (16, /7). Indeed,
there is still no conclusive evidence that any
recombinant or amplified form of abnormal PrP
can infect normal animals directly, reproduce
meaningful levels of infectivity, or encode all
the strain differences observed in mice infected
with scrapie, CJD, and BSE agents.

Unlike heterogeneous aggregates of path-
ological PrP, infectious TSE particles have a
discrete viral size of ~25 nm and 107 daltons
(as assessed by field flow fractionation and high-
pressure liquid chromatography, respectively)
(18), and releasing their tightly bound nucleic
acids destroys infectivity (/9). Thus, some TSE
agents such as SY may produce defective in-
terfering particles, as found in many persistent
viral as well as noncoding human viroid infec-
tions (20, 21). Unlike pathologic host PrP, TSE
agents can also provoke innate cellular defenses,
including intracellular and diffusible factors that
are not restricted to immune system cells (7, 8),
and such factors are likely to be involved in
interference. Small interfering RNAs with ex-
tensive secondary structure may also be evoked
by TSE agents, and these can provide even
greater strain specificity (22). Notably, several
small RNAs with extensive secondary structure
have been identified in TSE-infected but not in
normal brain tissue (23), and such motifs de-
serve farther study in TSE culture models.

Cocultures were more efficient than mouse
bioassays and can be useful for rapid assess-
ment of agent purification and recovery (24).
Additionally, they may provide a sensitive test
for cells that are infected but show no PrPres
(such as white blood cells), and they may be
useful for evaluating a wide range of evolving
TSE agents that have become important epi-
demiologically, such as those that cause BSE
and chronic wasting disease (CWD). The resist-
ance of cells infected with a prototypic sporadic
CJD agent (SY) to two scrapie strains supports
the suggestion that a commensal but rarely
pathogenic TSE agent may help protect people

against infection by sheep TSE strains in nature
(4), and may explain why so few people have
developed BSE-linked CID (25). The clustering
of sporadic CID cases is also consistent with
an environmental agent of low virulence (26).
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Interlinked Fast and Slow
Positive Feedback Loops Drive
Reliable Cell Decisions
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Positive feedback is a ubiquitous signal transduction motif that allows systems to
convert graded inputs into decisive, all-or-none outputs. Here we investigate why
the positive feedback switches that regulate polarization of budding yeast,
calcium signaling, Xenopus oocyte maturation, and various other processes use
multiple interlinked loops rather than single positive feedback loops. Mathe-
matical simulations revealed that linking fast and slow positive feedback loops
creates a “dual-time” switch that is both rapidly inducible and resistant to noise

in the upstream signaling system.

Studies in many biological systems have iden-
tified positive feedback as the key regulatory
motif in the creation of switches with all-or-none
“digital” output characteristics (). Although a
single positive feedback loop (4 activates B and
B activates A) or the equivalent double-negative
feedback loop (4 inhibits B and B inhibits 4)
can, under the proper circumstances, generaic a
bistable all-or-none switch (/-5), it is intriguing
that many biological systems have not only a
single but multiple positive feedback loops
(Table 1). Three examples of positive feedback
systems are shown in more detail in Fig. 1.

"Department of Molecular Pharmacology, Stanford
University Schoot of Medicine, Stanford, CA, 94305,
USA. “Physiology Course 2004, Marine Biological
Laboratory, Woods Hole, MA 02543, USA. *Department
of Cell Biology, Harvard Medical School, Boston, MA
02115, USA. “The Stowers Institute for Medical Re-
search, Kansas City, MO 64110, USA.

*To whom correspondence should be addressed.
E-mail: onn@stanford.edu

Polarization in budding yeast depends on two
positive feedback loops, a rapid loop involving
activity cycling of the small gnanosine triphos-
phatase Cde42 and a slower loop that may
involve actin-mediated transport of Cdc42 (Fig.
1A) (6). In many cell types, the induction of pro-
longed Ca?* signals involves initial rapid
positive feedback loops centered on Ca®* release
mediated by inositol 1,4,5-trisphosphate (IP3)
comibined with a much slower loop that induces
Ca%* influx mediated by the depletion of Ca?*
stores (7, 8) (Fig. 1B). Xenopus oocytes respond
to maturation-inducing stimuli by activating
a rapid phosphorylation/dephosphorylation~
mediated positive feedback loop (between
Cde2, Mytl, and Cdc25) and a slower transla-
tional positive feedback loop [between Cdc2
and the the mitogen-activated protein kinase
(MAPK or ERK) cascade, which includes Mos,
MEK (MAPK kinase), and p42] (Fig. 1C).
The presence of multiple interlinked posi-
tive loops raises the question of the performance
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Abnormal prion protein (PrPS¢) plays a central role in the transmission of prion diseases, but the molecular
basis of prion strains with distinct biological characteristics remains to be elucidated. We analyzed the
characteristics of prion disease by using mice inoculated with the Chandler and Fukuoka-1 strains prepagated
in a cultured mouse neuronal cell line, GT1-7, which is highly permissive to replication of the infectious agents.
Strain-specific biological characteristics, including clinical manifestations, incubation period as related to the
infectious umit, and pathological profiles, remained unchanged after passages in the cell cultures. We noted
some differences in the biochemical aspects of PrPS® between brain tissues and GT1-7 cells which were unlikely
to affect the strain phenotypes. On the other hand, the proteinase K-resistant PrP core fragments derived from
Fuknoka-1-infected tissues and cells were slightly larger than those from Chandler-infected versions. More-
over, Fukuoka-1 infection, but not Chandler infection, gave an extra fragment with a low molecular weight, ~13
kDa, in both brain tissues and GT1-7 cells. This cell culture model persistently infected with different strains
will provide a new insight into the understanding of the molecular basis of prion diversity.

Transmissible spongiform encephalopathies (TSEs) are a
series of neurodegenerative disorders that include Creutzfeldt-
Jakob disease (CJD), Gerstmann-Straussler-Scheinker syn-
drome (GSS), and fatal familial insomnia in humans and bo-
vine spongiform encephalopathy and scrapie in animals (23,
25). Human TSEs may have infectious, sporadic, or genetic
origins, but the brain tissues from affected individuals always
possess an infectious agent, termed prion, capable of transmit-
ting the disease to laboratory animals. The protein-only hy-
pothesis proposes that the abnormal isoform of the prion pro-
tein (PrP5°) accumulated via posttransiational modification of
the cellular isoform (PrPC) is the sole component of the infec-
tious particle (25). In fact, while the agent is extremely resis-
tant to inactivation by UV and ionizing radiation, protein de-
naturants can abolish the infectivity, and moreover, no specific
genetic materials for infectious agents have been identified.
The two PrP isoforms are distinguishable by their biochemical
properties. PrP€ is readily soluble in nondenaturing detergents
and completely digested by proteinase K (PK), whereas PrpSe
is detergent insoluble and resistant to proteolysis except for the
N-terminal region comprising ~67 residues. Structural studies
have suggested that the former is rich in alpha-helical struc-
tures with small B-sheet regions, but the latter has a high
B-sheet content. The central role of PrP in the diseases is
exemplified by the fact that PrP-null mice are resistant to the
disease (6, 27), by the causal linkage of genetic forms of human
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TSEs with mutation in the PrP gene (25), and by the depen-
dency of the species barriers on the primary PrP sequences
(29). The existence of strain variation, however, has challenged
the protein-only hypothesis. Individual infectious agents have
been shown to maintain their phenotypic characteristics, in-
cluding the clinical presentation of disease, the length of the
incubation period, and the distribution of vacuolar degenera-
tion and PrPS¢ deposition in the central nervous system (CNS)
during serial transmission between same-species animals. In
addition to these biological characteristics, biochemical differ-
ences in PrP5° have been reported. Transmission of two dif-
ferent inherited human prion diseases, fatal familial insomnia
and familial CID, to mice resulted in the accumulation of
PrPS° with PK-resistant core fragments with molecular masses
of 19 and 21 kDa, respectively (35). The difference in the size
of PK-resistant PrPS° fragments hds been also documented
among agents originating from scrapie and mink spongiform
encephalopathies (3). The degree of glycosylation is also pro-
posed to be an important signature of some strains. There are
two sites of Asn-linked glycosylation at the C-terminal portion,
and the degree of glycosylation is thus represented by the ratio
of three glycoforms, di-, mono-, and unglycosylated forms. The
unique PrP%¢ glycoform pattern, in which the diglycosylated
form dominates, in animals and patients affected with bovine
spongiform encephalopathy and variant CJD, respectively, is
distinct from those of other known strains (11) with a few
exceptions (32). Because diversity in the size of a PK-resistant
PrP corc fragment and the degree of its Asn-linked glycosyla-
tion were thought to be consequences of differences in the
conformation, it has been hypothesized that strain-specific
conformations of PrP®° could determine the strain phenotype.



VoL. 79, 2005

However, the strain-specific conformation of PrP%® and, in
particular, its causal relationship with strain phenotypes, still
remains controversial (13, 21).

Most of the information regarding strains so far available
has been obtained from in vivo experiments using mice or ham-
sters, a system less advantageous for biochemical approaches
to the molecular mechanisms of the strains. Neuronal cell cul-
ture models are clearly of greater value for such studies. How-
ever, only a few cultured cell lines, including PC12 and mouse
neuroblastoma-derived N2a, have been shown to be permissive
to scrapie agents (7, 26), and the levels of replication in these
cell lines are not satisfactory, at least for quantitative detection
of infectivity. Some of us previously demonstrated that cultured
mouse neuronal cells expressing a high amount of PrP€ were
highly permissive to replication of various mouse-adapted strains
(15, 18). Arjona et al. recently compared two CID strains using
GT1-7 and N2a58 cells (1). The aim of the present study was
to confirm the usefulness of the neuronal cell culture models
by comparing phenotypes of mice inoculated with two strains,
Chandler and Fukuoka-1. We report here that passage through
the cell cultures did not change the strain-specific nature of the
biological characteristics and discuss the relationship between
strain phenotype and biochemical aspects of the PrP.

MATERIALS AND METHODS

Cell cultures. The mouse neuronal cell line GT1-7 (14) was exposed to mouse
brain homogenates infected with each prion strain as described previously (15,
16, 18). The cells were cultured in DMEM containing heat-inactivated fetal
bovine serum at 10% and penicillin-streptomycin and split every 5 days at a 1:3
ratio. All cultured cells were maintained at 37°C in 5% CO, in the biohazard
prevention area of the authors’ institution.

Mice. ddY mice used in the experiments were fed under specific-pathogen-free
conditions. Experiments involving agent inoculation were conducted in the bio-
hazard prevention area (P3) of the Laboratory Animal Center for Biomedical
Research of the authors’ institution,

Prion strains. The Fukuoka-1 strain (34) was passaged three times in the
brains of ddY mice. The brains infected with Chandler strains were kindly
donated by B. Caughey and R. Carp, respectively. The pooled brains were
homogenized to 1% (wt/vol) in cold phosphate-buffered saline (PBS) containing
5% glucose. Cultured cell lysates were prepared by sonication in PBS. All of the
homogenates and cell lysates were kept at —80°C until use.

Determination of LD, Confluent cell cultures in a 100-mm dish (approxi-
mately 7.5 X 10° cells) were sonicated in 0.5 m! of PBS. Before use, the cells were
cultured for more than 30 passages following the initial ex vivo challenges, The
cultured cell lysates and 1% (wt/vol) homogenates of brain tissues were serially
diluted 10-fold with PBS, from 10" to 107%, and 20 pl of each dilution was
inoculated into the right brain (five mice for each group). The inoculated mice
were observed until 364 days after inoculation. The onset of disease was deter-
mined as previously described (28). The 50% lethal dose (LDsg) was determined
according to the Behrens-Karber formula (10).

Histology. The brains were fised in 4% paraformaldehyde and sectioned into
7-um-thick sections at levels 250 and 500, as described by Sidman et al. (30). The
tissue sections were stained with hematoxylin and eosin. The pattern of vacuo-
lation was examined in 9 areas, namely the midbrain, hypothalamus, thalamus,
hippocampus, paraterminal body, posterior cortex, cerebellar medulla, cerebeliar
granular layer, and cerebellar molecular layer. The vacuolation score was estab-
lished based on the pattern, size, and density of the vacuoles using standard
criteria from grade 0 for none and grade 5 for maximum vacuolation (9)

Antibodies. The anti-PrP polyclonal mouse antiserum used was described pre-
viously (19). The IBL-N rabbit antibody against N-terminal peptides of PrP and
M20 goat antibody to C-terminal PrP peptides were purchased from Immuno Bi-
ological Laboratories (Gunma, Japan) and Santa-Cruz Biotech (Santa Cruz, CA),
respectively. Horseradish peroxidase (HRP)-conjugated anti-mouse and -rabbit im-
munoglobulin G antibodies were purchased from Amersham, HRP-conjugated anti-
goat immunoglobulin G antibodies were purchased from Santa-Cruz Biotech.

Immunoblotting. Confluent cultures were lysed for 30 min at 4°C in Triton-
DOC lysis buffer (50 mM Tris-HCI [pH 7.5] containing 150 mM NaCl, 0.5%
Triton X-100, 0.5% sodium deoxycholate, and 2 mM EDTA). After 1 min of
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centrifugation at 500 X g, the supernatant was collected and its total protein
concentration was measured using the Bio-Rad protein assay. To detect PrPSc,
the brain homogenates and cell lysates, with the protein concentration adjusted
to 10 mg/m], were treated with 100 pg/ml of proteinase X (Sigma) at 37°C for 30
min. To remove N-linked glycosylation, PNGase F was used according to the
manufacturer’s protocol (New England Biolabs) before PK digestion. The sam-
ples were boiled for 5 min in sodium dodecyl sulfate (SDS) loading buffer (50
mM Tris-HCl, pH 6.8, containing 5% glycerol, 1.6% SDS, and 100 mM dithio-
threitol) and subjected to SDS-12% polyacrylamide gel electrophoresis. The
proteins were transferred onto an Immobilon-P membrane (Millipore) in trans-
fer buffer containing 15% methanol at 400 mA for 60 min, and the membrane
was blocked with 5% nonfat dry milk in TBST (10 mM Tris-HCI [pH 7.8], 100
mM NaCl, 0.1% Tween 20) for 1 h at room temperature and reacted with
anti-PrP antibodies. Immunoreactive bands were visualized by HRP-conjugated
secondary antibodies using an enhanced chemiluminescence system (ECL; Am-
ersham Pharmacia Biotech).

RESULTS

Biological characteristics of prion strains in cultured cells:
clinical signs in inoculated mice. To examine the biological
characteristics of the Chandler and Fukuoka-1 prion strains,
GT1-7 cells independently infected with the two strains as well
as infected mouse brain homogenates were inoculated into the
brains of ddY mice. As shown in Table 1, all of the homoge-
nates produced neurological symptoms and subsequent death
in the inoculated mice. They exhibited some common clinical
signs, such as weight loss, ruffled and greasy yellowish hair,
tremor, hypersensitivity to sound and touch, and locomotor
disturbance. However, all of the Chandler-infected mice were
hyperactive at the early stages of the disease, in contrast to the
progressive hypoactivity of Fukuoka-1-infected mice. When
the mice at the terminal stages were sacrificed, a markedly
extended bladder, due to urination disturbance, was observed
in Fukuoka-1-inoculated, but not Chandler-inoculated, mice.
These strain-specific symptoms were reproduced without ex-
ception in all of the mice, irrespective of whether brain ho-
mogenates or cultured cell lysates were used.

Incubation periods in inoculated mice. As shown in Table
1, the incubation periods of the mice inoculated with 1% brain
homogenates of Fukuoka-1 and Chandler were 128.6 = 9.9
days (mean * standard deviation) and 149.8 = 4.4 days, re-
spectively. Interestingly, GT1-7 cells infected with Fukuoka-1
also exhibited a shorter incubation period than Chandler-
infected cells: 139.7 = 12.5 versus 150.2 = 5.9 days. To
analyze more quantitatively, the brain homogenates and
GT1-7 cell lysates infected with Fukuoka-1 and Chandler,
designated Fukuoka-1/brain, Chandler/brain, Fukuoka-1/
GT1-7, and Chandler/GT1-7, respectively, were subjected to
the end-point 10-fold dilution assay (Table 1). According to
Behrens and Korber’s formula, the infectious titers were
estimated to be 10*? and 10%* LDy, units/g of the brain tissues
and 10°# and 10°° LDy, units/107 GT1-7 cells infected with
Fukuoka-1 and Chandler, respectively, After each dilution was
converted to its infectious titer, the relationships between in-
fectious titers and incubation periods in the four materials
were analyzed. As shown in Fig. 1, plots of Fukuoka-1/brain
and Fukuoka-1/GT1-7 clustered in the same region, and those
of Chandler/brain and Chandler/GT1-7 formed another cluster
located at the region representing much longer incubation
periods. The linear relationships between infectious titers and
incubation periods in brain homogenates and cell lysates in-
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TABLE 1. Mortality and incubation periods of mice inoculated with prion strains®

Fukuoka-1 strain Chandler strain

Tissue or cell type

Dilution Mortality Incubation period Dilution Morlal_iry Incubation period
(no. dead/total) {days = SD) (no. deadtotal) (days = SD)
Brain homogenate® 102 5/5 1286 £ 9.9 1072 5/5 149.8 = 4.7
1072 5/5 139.2 £ 89 1073 5/5 1554 =71
1074 5/5 145.6 = 11.4 10 5/5 183.4 = 8.0
103 4/5 184.7 = 25.7 1073 5/5 193.4 = 168
1076 4/5 2505574 1076 3/5 2040 =277
1077 1/5 230.0 1077 4/5 248.0 = 37.4
107# 0/5 107° 0/5
107 ND“ 1079 0/5
GT1-7 cell lysate® 107° 4/4 139.7 £ 12.5 107 4/4 1502 =59
107t 5/5 137.2+ 12,6 107! 4/4 167.3 = 11.8
1072 5/5 1524 = 10.0 1072 515 174.0 = 10.5
1073 5/5 199.4 + 58.7 103 5/5 193.6 = 13.7
107 2/5 2110 = 4.2 1074 4/5 205.7 = 185
1075 0/5 1073 2/5 203.5 = 27.5
107¢ 0/5 107¢ 2/5 2755 =714
1077 0/5 1077 0/5

“ Twenty-microliter aliquots of serial 10-fold dilutions of GT1-7 cell lysates and brain homogenates (10%, 1% [wt/vol] homogenate) were inoculated into the brain

of a mouse. Inoculated cells were passaged 35 times before use.

b Infectious titers of the brain tissues infected with Fukuoka-1 and Chandler were 10°* and 10%® LDy, units/g tissue, respectively.
< Infectious titers of Fukuoka-1 and Chandler-infected GT1-7 cells were 1052 and 105 LDs, units/107 cells, respectively.

4 ND, not defined.

fected with each strain overlapped but were distinct between
the strains (Fig. 1).

Pathological findings in inoculated mice. Brain sections in-
cluding the hippocampus, thalamus, and cerebellum from in-
oculated mice at the terminal stage were stained with hema-
toxylin and eosin. As shown in Fig. 2, although spongiform
change, neuronal loss, and gliosis are common characteristics
of prion diseases, the severity and distribution of histological
abnormalities differed between the brain tissues of Fukuoka-1-
and Chandler-infected mice. In the Fukuoka-1-infected brains,
large empty vacuoles were prominent mainly in the white mat-
ter, and a microcystic structure measuring up to 100 pm in
diameter was observed in the cerebellar medulla (Fig. 2a and
e). The grey matter was also affected in advanced cases, while
the cerebellar granular and molecular layers were not dam-

aged. The vacuoles in Chandler strain-infected brains were
distributed equally in the grey and white matter. However, the
number of vacuoles was fewer, and the size, an average of 27
wm in diameter, was obviously smaller than that of those from
Fukuoka-1 strain-infected brains (Fig. 2b and f). In general,
histopathological changes were much more severe in Fukuoka-
1-infected tissues compared with those infected with the Chan-
dler strain. These strain-specific pathological profiles were re-
produced by inoculation of GT1-7 cell lysates infected with
either strain (Fig. 2¢, d, g, and h). A semiquantitative evalua-
tion of the number and size of vacuoles (vacuolation score) in
selected areas of brain tissues confirmed that the lesion profiles
were strain specific (Fig. 3).

Biochemical aspects of PrP. Biochemical characteristics
of PrP in the noninfected brain tissues and GT1-7 cells were

106 ¢
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"g 107 3 3 S—
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100 120 140 160 180 200 220

Incubation periods {Days]

FIG. 1. Linear relationship between infectious titers and incubation periods. Each dilution used in the end-point assay shown in Table 1 was
converted {0 its infectious titer, and the relationships between infectious titers (LDs,) and incubation periods (days) in Fukuoka-1/brain (closed
cireles), Chandler/brain (open circles), Fukuoka-1/GT1-7 (closed squares), and Chandler/GT1-7 (open squares) were analyzed. Horizontal bars
indicate standard deviations. )
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FIG. 2. Histological features of brain tissues infected with prion strains. Sections of the cerebrum (A to D) and cerebellum (E to H) of mice
inoculated with Fukuoka-1/brain (A and E), Chandler/brain (B and F), Fukuoka-1/GT1-7 (C and G), and Chandler/GT1-7 (D and H) were stained

with hematoxylin and eosin.

compared by immunoblotting. As shown in Fig. 4a, without PK
treatment, the IBL-N antibody raised against N-terminal pep-
tides of PrP visualized PrPs both in the noninfected brain and
in GT1-7 cells. However, glycosylated components, a diglyco-
sylated band in particular, of the latter migrated much more

slowly, indicating that PrP in GT1-7 cells was more heavily
glycosylated. Moreover, migration patterns of unglycosylated
PrPs from the two sources also looked different: that in GT1-7
cells migrated a little faster. In the tissues and cells infected
with Chandler and Fukuoka-1 strains, these host-specific char-



7108 ARIMA ET AL

Fukuoka-1

Vacuolation score

O - N W b

1 23456 7 8 9

Brain regions

J. VIROL.

Chandier

Vacuolation score

O - W bW

456 7 8 9

Brain regions

12 3

FIG. 3. Region profiles of vacuolation scores in infected mouse brain tissues. Scores were established based on the pattern, size, and density
of vacuoles in the tissue using standard eriteria with zero for none and five for maximum vacuolation. The pattern of vacuolation was examined
in 9 areas, namely the midbrain (1), hypothalamus (2), thalamus (3), hippocampus (4), paraterminal body (5), posterior cortex (6), cerebellar
medulia (7), cerebellar granular layer (8), and cerebellar molecular layer (9). Closed and open symbols indicate brain sections infected with brain

homogenates and GT1-7 cell lysates, respectively. Each plot indicates the average score of sections from two mice.

acteristics of the PrP structure were essentially preserved. To
confirm the difference in the migration patterns between un-
glycosylated PrPs from brain tissues and GT1-7 cells, Asn-
linked glycosylation was completely removed by PNGase F

treatment before immunoblotting. As shown in Fig. 4b, regard-
less of the presence or absence of prion infection, unglycosy-
lated PrP from GT1-7 cells always migrated faster than that
from brain tissues.

A

MW

— 100
- 75

“—= 50

N F C N F c

Mouse brain

Br GT Br GT Br GT

Non-infected  Fukuoka-1 Chandler
FIG. 4. Detection of PrP in brain homogenates and GT1-7 lysates without PK treatment. (A) Noninfected (N) brain homogenates and GT1-7
cell lysates and those infected with Fukuoka-1 (F) or Chandler (C) prions were subjected to immunoblotting with the IBL-N antibody against
N-terminal PrP peptides. (B) The mobilities of nonglycosylated PrPs (arrow) from the brain tissues (Br) and GT1-7 cells (GT) were compared on
an immunoblot with the IBL-N antibody after deglycosylation by PNGase F treatment. MW, molecular weight.
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FIG. 5. Immunodetection of PK-resistant PrP in brain homogenates and GT1-7 lysates infected with prion strains. After treatment with PK,
noninfected brain homogenates (Br) and GT1-7 cell Iysates (GT) and those infected with Fukuoka-1 or Chandler prions were subjected to
immunoblotting with polyclonal mouse antisera against PrP. The brain homogenates from terminal-stage mice inoculated with the lysates of GT1-7
cells infected with Fukuoka-1 or Chandler prions (Br/GT) were also analyzed. MW, molecular weight.

Strain-dependent differences in the biochemical aspects of
PrP%. PK completely digested PrP in the noninfected tissues
and cells, while the resistant components (PrP5%) in the in-
fected tissues and cells were visualized by polyclonal antiserum
raised against a recombinant PrP (Fig. 5). Again, diglycosy-
lated PrP® in GT1-7 cells migrated to a much higher molec-

ular mass, and its unglycosylated component migrated faster
than PrP* in the brain tissues. Of importance, PrP%° devel-
oped in the brain tissues of mice inoculated with the infected
GT1-7 cell lysates had migration patterns that were indistin-
guishable from those of PrP% in the original brain tissues.
PNGase F treatment confirmed the different migration pat-

A
MW
— 25.0
150
Br GT Br GT Br GT
Non-infected Fukuoka-1 Chandier
B MW
=250
' T 150
N F c N F C
Mouse brain GT1-7

FIG. 6. Diflerences in the mobility of PK-resistant PrP between hosts and between strains. (A) After successive treatments with PK and PNGase
F. mobilities in a gel of nonglycosylated PrP*° from the brain tissues (Br) and GT1-7 cells (GT) were compared on an immunoblot with the M20
antibody against C-terminal PrP peptides. (B) Mobilities of nonglycosylated PrP% generated by Fukuoka-1 (F) and Chandler (C) strains are
directly compared by immunoblotting with the M20 antibody. PrP in noninfected tissues and cells (N) is completely digested by PK. The arrowhead
indicates the 13-kDa PrP fragment specifically found in the Fukuoka-1-infected tissues and cells. MW, molecular weight.
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FIG. 7. The 13-kDa PrP fragment is detectable in Fukuoka-1-in-
fected GT1-7 cells even without PK treatment. The cell lysates from
noninfected (N) GT1-7 cells and those infected with the Fukuoka-1
(F) or Chandler (C) strain, with (+) or without (—) PK treatment,
were subjected to immunoblotting using M20 (A) or IBL-N (B) anti-
PrP antibodies. MW, molecular weight.

terns of unglycosylated PrP5¢ between the hosts (Fig. 6a). On
the other hand, when migration patterns of PrP>° were directly
compared between the strains in the same host on an immu-
noblot, Fukuoka-1-derived unglycosylated PrP%¢ clearly mi-
grated more slowly than the Chandler-derived version (Fig.
6b). These findings strongly suggested that both host-specific
and strain-specific factors are involved in the determination of
the mobility of PK-resistant unglycosylated PrP*° in gel. Inter-
estingly, in this immunoblotting, the M20 anti-C-terminal PrP
antibody clearly visualized at a low molecular size, ~13 kDa, a
component of PrP%¢ in Fukuoka-1-infected, but not Chandler-
infected, GT1-7 cells (Fig. 5b). A faint but significant band of
the 13-kDa fragments was also detectable in the Fukuoka-1-
infected brain tissue. Since this fragment was similarly detect-
able even before the PK treatment and recognized by C-ter-
minal (M20) but not N-terminal (IBL-N) PrP antibodies (Fig.
7), it is likely to be a C-terminal PrP fragment lacking a PK
cleavage site.

DISCUSSION

Passage through the neuronal cell cultures of two prion
strains, Chandler and Fukuoka-1, did not affect the biological
characteristics, including clinical signs, incubation periods, and
pathological findings, in the inoculated mice. Carryovers of the
original strains into the cultures were unlikely, since the in-

J. VIROL.

fected cells were cultured for more than 30 passages since the
initial ex vivo challenges, assuming that residuals of original
brain homogenates in the cultures would be diluted far greater
than 10 orders of magnitude. We used a mouse neuronal cell
line, GT1-7, which expresses a large amount of PrPC and is
highly permissive for replication of the agent (15, 18). Infected
GT1-7 cells persistently produced PrP3¢ for more than 30 pas-
sages without subcloning and maintained high infectious titers
of Fukuoka-1 and Chandler at the levels of 10°2 and 10%°
LD, units/107 cells, respectively. The high degree of compe-
tence in prion replication allowed us to quantify infectious
titers in the cultured cells by end-point assay. Although data
are not shown, we have found that the biological characteristics
of the two strains, including clinical signs and incubation peri-
ods in the inoculated mice, are also conserved in other two
neuronal cell lines, N2a58 (18) and 1C11 (17), which are per-
missive to various prion strains (16, 18; N. Nishida, unpub-
lished). These findings are consistent with those of previous
reports indicating that strain phenotypes did not change during
several passages in cultured cells (1, 5).

Western blotting identified some differences in the biochem-
ical features of PrPS® between the brain tissue and GT1-7 cells.
The degrees of glycosylation of PrPS® derived from the two
strains in GT1-7 cells were clearly higher than those in the
brain tissues. A similar difference was observed before PK
treatment even between the noninfected cells and tissues, sug-
gesting the involvement of host cell factors rather than the
strains. In some conditions, the degree of glycosylation (a ratio
of glycoforms) of PrP5° is an important signature of the prion
strain (5, 8). However, in our experimental models, it is largely
determined by the hosts, presumably due to differences in the
enzymatic activities involved in glycosylation or the trafficking
pathway of de novo-synthesized PrPC. Host cell- or tissue-
determined PrP5¢ glycoforms have also been reported by oth-
ers (31, 36). The mobility of unglycosylated PrP5* fragments in
gel was also distinguishable between the brain tissues and
GT1-7. This possibly reflected PK cleavage site heterogeneities
due to the difference in the conformation of PrPS¢ or an arti-
fact of experimental conditions such as pH (20). However, it is
noteworthy that the size difference was also the case for PrP
without PK treatment even between the noninfected tissues
and cells, arguing against a difference in the PK cleavage sites.
Sequencing of PrP ¢cDNAs amplified by reverse transcription-
PCR from the brain tissues and GT1-7 cells confirmed that
their primary structures were identical (data not shown). A
previous study identified, by use of mass spectrometry, six
different glycosylphosphatidylinositol (GPI) glycoforms with
molecular masses ranging from 2,670 to 3,285 Da in PrP%°
purified from infected hamster brains as well as partially puri-
fied PrP® (33). The presence of tissue-specific differences in
the GPI composition was also suggested (12). Although the
involvement of some difference in the PrP conformation pre-
served even in a denatured condition cannot be ruled out, a
more likely explanation is that it is due to heterogeneity in the
composition of GPI moieties. Precise mechanisms for the di-
versity in PrP structures among the hosts await elucidation, but
these structural features are unlikely to affect the strain phe-
notype, which is shared by the hosts.

It has been hypothesized that the strain-specific conforma-
tion of PrPS® determines the pathological features and func-
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tions as a template during pathogenic structural conversion of
PtP€ to PrP5 in affected brain tissues (25). The present study
also revealed evidence that some strain-specific features of the
PrP*° band pattern on an immunoblot were conserved in the
cultured cells. The unglycosylated PK-resistant PrPS¢ fragment
derived from Fukuoka-1 always migrated more slowly than the
Chandler-derived version accumulating in the same host, ei-
ther in brain tissues or GT1-7 cells. So far, many prion strains,
including those of human, sheep, and mink origin, have been
characterized by the size of the PrP%° core fragment generated
by PK (24, 24). In most cases, the size difference due to the
diverse cleavage sites of PK is presumed to be a consequence
of the extent of the B-sheet structure. However, Arjona et al.
reported that identical PP band patterns could be observed
in GT1-7 cells infected with distinct CID strains, FU and SY,
but were different from those in brain tissues and N2a cells (1).
This indicated that the conformational divergence of PrPS¢
does not necessarily alter strain characteristics. We also dem-
onstrated host-determined divergence, such as glycosylation
patterns, which did not affect the biclogical characteristics of
prion strains. Furthermore, the possible involvement of a pu-
tative agent or agent-induced factors other than the PrpSe
conformation itself is not precluded. It would be of value to
search for such factors that affect the mobility of PrP5¢ core
fragment by using the cell culture model.

Strikingly, the small 13-kDa PrP5 fragment detected in
Fukuoka-1-infected tissues and cells was not seen in Chandler-
infected materials. It is likely that the 13-kDa. Fragment is
strain-specific, since Fukuoka-1 but not Chandler resulted in
the band not only in GT1-7 cells but also in N2a58 and 1C11
cells (N. Nishida, unpublished). It was PK resistant but detect-
able before PK treatment, suggesting a lack of PK cleavage
sites and the involvement of endogenous proteolytic processes.
It is possible that certain environmental factors, for instance,
pH and metal ion concentration, influenced by the strain might
alter the catalytic activities, but it is also possible that the
Fukuoka-1-specific PrP® conformation could allow endoge-
nous proteases to access and catalyze the full-length Prp5e.
Although both the Chandler and Fukuoka-1 strains are mouse-
adapted ones, the former is of scrapie origin and the latter was
derived from a GSS patient carrying the P102L mutation. One
group previously demonstrated a similar 13-kDa fragment in
the brain tissues from five of seven P102L GSS patients, and
this fragment was immunoreactive to a C-terminal PrP anti-
body but not to 3F4 monoclonal antibody, indicating that it was
N-terminally truncated beyond residue 112 (22). It would be
intriguing to see whether the specific PrP5¢ conformation de-
termined by a particular genetic mutation in the human brain
tissues has been conserved during successive transmission to
mouse brains and cultured cells lacking such a mutation. Some
other reports demonstrated that PrP% derived from F198S
GSS and CJD also displayed patterns of endogenous proteol-
ysis characteristic of each disorder, leading to distinct sets of
PrP%¢ fragments (12). It is conceivable that different PrPSe
fragments may exhibit unique biological and pathological con-
sequences in the CNS. The most important pathological con-
sequence of prion strains is the difference in the distribution of
vacuolar degeneration among the CNS regions of affected an-
imals. A possible explanation is that each prion strain possesses
its own cell tropism. The investigation of cell tropism requires
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the stable infection of a single cell type which is permissive to
more than one strain. In our preliminary experiments using the
cell culture models, some strains revealed differential tropism
among the cell types examined (N. Nishida, unpublished).

In conclusion, we demonstrated here that the prion strains
tested conserved their biological characteristics following cell
culture, and the accumulated PrP> reproduced some specific
features of its band pattern on an immunoblot. However, the
molecular basis for conformational divergence of PrP° is still
enigmatic, and whether or not there is a causal relationship
between the PrP5° conformation and strain phenotype remains
to be concluded. Our cell culture models allow the analysis of
trafficking and metabolism of PrP, i.e., posttranslational cleav-
age, glycosylation, recycling, and degradation, etc., which will
provide a new insight into the understanding of the molecular
basis of prion strains.
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