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which is an unusual type of fCJD [13]. The degree of the
abnormalities in MRI did not correlate with the disease
severity. To diagnose the slow type of CJD232, recogniz-
ing the clinical phenotype that demonstrates uncom-
mon clinical and laboratory features found in other neu-
rodegenerative  disorders with dementia and
performing genetic examination of PRNP are impor-
tant.

Other characteristics of CJD232 are that CJD232 pa-
tients have no family history of CJD or dementia in ei-
ther type and are reported only in Japan. More than half
of genetic prion disease patients with various PRNP mu-
tations lack family histories and the lack of family histo-
ries is not restricted to CjD232 [1]. De novo mutations
[31] and very low penetration [32] are considered as the
reasons. Individual PRNP mutations also show variable
geographical distributions [1]. The M232R substitution
may influence the disease progression because the
M232R substitution extended the incubation time in an
experimental transmission study using humanized
knock-in mice [33]. Three suspected patients with
M232R substitution but with a final diagnosis of dis-
eases other than CJD have been reported to the
Creutzfeldt-Jakob Disease Surveillance Committee,
Japan because they had the M232R substitution, not be-
cause they had clinical symptoms suspecting CJD.
Therefore, we think that the prevalence of 6% in 50 non-
C]D patients is not the same as that of the normal Japan-
ese population. At least, it cannot be said that all patients
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having the M232R substitution demonstrate the symp-
toms of CJD232, and it does not seem to be supported
that M232R substitution is a causative mutation. On the
other hand, two probable C]D patients with M232R sub-
stitution in one family have been reported [6]. We can-
not overlook these patients based on the fact that M232R
substitution is very rare [4]. Whether M232R is really a
causative mutation or only a rare polymorphism is an-
other issue that needs to be resolved. We need more
studies of CJD patients with M232R substitution,and es-
pecially the correlation between the pathological find-
ings including the molecular type of PrP5 and im-
munohistochemical staining of PrP and the clinical
findings should be clarified to determine whether it in-
fluences the disease progression. We need to study the
morbidity of a population having the M232R substitu-
tion to determine whether it is a causative mutation or
not.
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Orally Administered Amyloidophilic Compound Is Effective in Prolonging

the Incubation Periods of Animals Cerebrally Infected with
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The establishment of effective therapeutic interventions for prion diseases is necessary. We report on a newly
developed amyloidophilic compound that displays therapeutic efficacy when administered orally. This com-
pound inhibited abnormal prion protein formation in prion-infected neuroblastoma cells in a prion strain-
dependent manner: effectively for RML prion and marginally for 22L prion and Fukuoka-1 prion. When the
highest dose (0.2% [wt/wt] in feed) was given orally to cerebrally RML prion-inoculated mice from inoculation
until the terminal stage of disease, it extended the incubation periods by 2.3 times compared to the control. The
compound exerted therapeutic efficacy in a prion strain-dependent manner such as that observed in the cell
culture study: most effective for RML prion, less effective for 22L prion or Fukuoka-1 prion, and marginally
effective for 263K prion. Its effectiveness depended on an earlier start of administration. The glycoform pattern
of the abnormal prion protein in the treated mice was modified and showed predominance of the diglycosylated
form, which resembled that of 263K prion, suggesting that diglycosylated forms of abnormal prion protein
might be least sensitive or resistant to the compound. The mechanism of the prion strain-dependent effec-
tiveness needs to be elucidated and managed. Nevertheless, the identification of an orally available amyloid-

ophilic chemical encourages the pursuit of chemotherapy for prion diseases.

Transmissible spongiform encephalopathies, or prion dis-
eases, are a group of fatal neurodegenerative disorders that
include Creutzfeldt-Jakob disease (CJD) and Gerstmann-
Straussler-Scheinker syndrome (GSS) in humans and scrapie,
bovine spongiform encephalopathy, and chronic wasting dis-
ease in animals. These disorders are characterized by accumu-
lation in the brain of an abnormal isoform of prion protein
(PrP), which is a main component of the pathogen, prion, or a
pathogen itself and which is rich in beta-sheet structure and
resistant to digestion with proteinase K (24). Recent outbreaks
of variant CJD and iatrogenic CJD through use of cadaveric
growth hormone or dura grafts in younger people have neces-
sitated the development of suitable therapies.

Caughey and colleagues first found Congo red and sulfated
glycans to inhibit abnormal PrP formation in vitro (5, 6), al-
though Congo red was much earlier described as a staining
device for prion amyloid rods (23). Since the discovery of the
therapeutic activity of Congo red, amyloidophilic compounds
such as amyloid dye derivatives and glucoseaminoglycan mi-
metics have been noted as one class of possible therapeutic
candidates for prion diseases (4, 32). Recently, the most ad-
vanced progress with amyloidophilic compounds, which have
an excellent ability to permeate through the blood-brain bar-
rier, has been made in the field of diagnosis of Alzheimer’s
disease. Some amyloidophilic compounds are developed as
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imaging probes to visualize amyloid deposits in the brains of
Alzheimer’s disease patients using positron emission tomogra-
phy or single-photon emission computed tomography technol-
ogy (3). Some of these chemicals are also useful to visualize
abnormal PrP amyloids of some types of prion diseases in the
brain (2, 14, 15, 28, 30).

We previously reported that some of these amyloid-imaging
probes are effective as antiprion compounds and prolong the
incubation periods of animals cerebrally infected with prion
disease (14). We also reported that a new class of amyloid-
ophilic chemicals, styrylbenzoazole derivatives, which have bet-
ter penetration through the blood-brain barrier and which
show more discrete labeling of amyloid deposition in brain
tissues affected by either Alzheimer’s disease or prion diseases,
are effective as antiprion chemicals (15, 19). However, the
efficacy of these amyloidophilic compounds, intravenously ad-
ministered weekly, was not remarkable but was rather limited.
In addition, their effectiveness was suggested to be prion strain
dependent, but this was not fully evaluated because of the
limited availability of the compounds in quantity and dosing
route. It can be assumed that elevated brain chemical levels are
necessary for a compound’s efficacy. Therefore, a multiple-
dosing regimen, which causes more sustained elevation in
brain chemical levels, might be preferable to a single weekly
dosing. In this study, to ascertain undefined benefits and lim-
itations of amyloidophilic compounds as therapeutic drug can-
didates for prion diseases, a new class of amyloidophilic com-
pounds which have no similarity in chemical structure with
previously reported antiprion compounds was synthesized and
tested for either antiprion activity in vitro or therapeutic effi-
cacy in vivo when administered orally as a mixture with feed.
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TABLE 1. Tested compounds and their inhibition of abnormal PrP formation in ScN2a cells
O:t z:n_obll-lvt\;atner Inhibition of abnormal %ﬁ:‘;’:‘:
Compound Chemical structure Mol wt istributio PrP (approximate c
coefficient? ECsy, nM)? dose’
(log Dg g) e (nM)
cpd-B L N 264 4.1 0.06 >10
=N
HN—>
-
cpd-D1 347 22 100 >10
H o}
%
cpd-D2 HZN_§<©/\_“ ‘@—{W 342 3.6 10 >10
o] N
H O
O
cpd-D3 N 293 3.2 1 >10
HO
N .
cpd-D4 NO/\,/ \Q_( \ 319 Not determined 1 >10
= R cl
cpd-Ds NQ/\./ \O_C'Q/ 347 47 1 >10
N
cpd-D6 LA 306 24 10 >10
P 0 H
N\

¢ The distribution coefficient, a measure of a compound’s hydrophilicity or hydrophobicity, was estimated using ChemAxon’s calculator plugin software (Budapest,
Hungary). The coefficients of medicines used for brain diseases are generally around 3.0.
® The approximate dose giving 50% inhibition of abnormal PrP formation relative to the control.

€ The maximal dose that does not affect the rate of cell growth to confluence.

MATERIALS AND METHODS

Chemicals and experimental models. Test compounds were synthesized at the
Tokyo R & D Center of Daiichi Pharmaceutical Co., Ltd. (Tokyo, Japan). The
structures of the compounds are shown in Table 1. The compounds were dis-
solved in 100% dimethyl sulfoxide using ultrasonication and stored at —30°C
until use.

Cultured cells were grown in Opti-MEM (Invitrogen Corp., Carlsbad, CA)
supplemented with 10% fetal calf serum. As cellular models for the screening of
antiprion compounds, either mouse neuroblastoma cells (N2a cells) or N2a cells
with fivefold PrP overexpression (N2a-58 cells) which were persistently infected
with a distinct prion strain were used, as follows: N2a celis infected with RML
scrapie prion (ScN2a cells) (25), N2a cells with 22L scrapie prion (N167 cells),
N2a-58 cells with RML scrapie prion (N002 or Ch2 cells), or N2a-58 cells with
Fukuoka-1 GSS prion (F3 cells) (15). The Ch2 cells are a subclone of N002 cells.

Five-week-old Tga20 mice overexpressing murine PrP (11) or Tg7 mice over-
expressing hamster PrP (26) were used as animal disease models after intrace-
rebral infection with 20 wl of 1% (wt/vol) brain homogenate of RML prion, 221
prion, or Fukuoka-1 prion for Tga20 mice or 263K scrapie prion for Tg7 mice.
Five-week-old ICR mice and Syrian hamsters were also used after they were
infected intracerebrally with 20 pl of 1% (wtfvol) brain homogenate of RML
prion or 40 ul of 1% (wt/vol) brain homogenate of 263K prion, respectively. Each
animal was maintained under deep ether anesthesia for minimum distress during
intracerebral inoculation. Permission for the animal study was obtained from the
Animal Experiment Committee of Tohoku University, Japan.

In vitro PrP imaging. Autopsy-diagnosed brain samples from cases of GSS,
which were kindly provided by Toru Iwaki from the Department of Neuropa-
thology, Kyushu University, Japan, were used. After fixation in 10% buffered
formalin for 2 weeks, the sample was immersed in 98% formic acid for reduction
of prion infectivity, embedded in paraffin, and cut into 7-mm-thick sections. For
neuropathological staining, deparaffinized sections were immersed in 1% Sudan

black solution to quench tissue autofluorescence. They were then incubated for
30 min in 1 mM solution of compound B (cpd-B), rinsed with distilled water, and
examined under a fluorescence microscope (DMRXA; Leica Microsystems
GmbH, Wetzlar, Germany) using a fluorescein isothiocyanate filter set.

For comparison, each section was subsequently immunostained for PrP as
described in a previous study (7). Briefly, the sections were treated with a
hydrolytic autoclave and incubated with a rabbit primary antibody, anti-PrP-C,
which was raised against a mouse PrP fragment consisting of amino acids 214 to
228 (1:200; Immuno-Biological Laboratories Co. Ltd., Gunma, Japan), followed
by incubation with EnVision+System horseradish peroxidase labeling polymer
(Dako, Glostrup, Denmark). The reaction product was developed with 3,3’
diaminobenzidine tetrahydrochloride solution and counterstained with hematox-
ylin.

In vitro treatment in cell cultures. Antiprion activity was evaluated by assaying
the content of protease-resistant PrP (PrPres) in the cellular models, as de-
scribed in earlier studies (6, 8, 18). Briefly, test compounds were added at the
designated concentrations when cells were passaged at 10% confluence, while
maintaining the final concentration of dimethyl sulfoxide in the medium at less
than 0.5%. The cells were allowed to grow to confluence and were lysed with lysis
buffer (0.5% sodium deoxycholate, 0.5% Nonidet P-40, phosphate-buffered sa-
line [PBS]). For analysis of PrPres, samples were digested using 10 pg/ml pro-
teinase K for 30 min at 37°C; the digestion was stopped using 1 mM phenyl-
methylsulfonyl fluoride. The samples were centrifuged at 100,000 X g for 30 min,
and then pellets were resuspended in 1X sample loading buffer and boiled for 5
min. For analysis of the total level of cellular PrP in N2a cells treated with a test
compound, cell lysates were mixed directly with one-quarter volume of 5%
sample loading buffer and boiled for 5 min.

The samples were analyzed by immunoblotting. They were separated by elec-
trophoresis on a 15% Tris-glycine-sodium dodecyl sulfate-polyacrylamide gel
and electroblotted onto a polyvinylidene difluoride filter. The PrP was detected
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using a monoclonal antibody, SAF83 (1:5000; SPI-Bio, Massy, France), followed
by an alkaline phosphatase-conjugated goat anti-mouse antibody (1:20,000; Pro-
mega Corp., Madison, WI). Immunoreactivity was visualized using a CDP-Star
detection reagent (Amersham, Piscataway, NJ). More than three independent
assays were performed in each experiment.

The cell surface level of cellular PrP was assayed using flow cytometry, as
described previously (10). Briefly, N2a cells dispersed by treatment with 0:1%
collagenase (Wako Pure Chemical Industries Ltd., Osaka, Japan) were washed
with ice-cold 0.5% fetal calf serum in PBS and incubated with SAF83 (1:500) or
isotype-matched control immunoglobulin G1 for 20 min on ice. Cells were
washed with 0.5% fetal calf serum in PBS and incubated with goat F(ab’)2
fragment anti-mouse immunoglobulin G (heavy plus light chain)-phycoerythrin
(1:100) (Beckman Coulter Inc., CA) for 20 min on ice. After washing, cells were
analyzed using an EPICS XL-ADC flow cytometer (Beckman Coulter Inc., CA).

Pharmacokinetic studies. Brain cpd-B levels in the animals were assayed as
described previously (20) after a 1-week feeding with 0.2% cpd-B ad libitum. All
animals were sacrificed at 9:00 a.m. of day 8 by excision of the carotid artery
under deep ether anesthesia to remove as much blood as possible, and the brain
was collected, rinsed with saline, and weighed. Because preliminary studies found
no significant difference in the data for perfused brains and nonperfused brains,
the brain was not perfused with saline to remove residual blood. The brain was
homogenized with 2 ml of 100% methanol for mouse brain or 4 ml for hamster
brain. After centrifugation of the homogenate at 800 X g for 10 min, the
supernatant was diluted with 9 volumes of 20 mM phosphate buffer, pH 6.5 (PB),
and then filtered to obtain the sample for analysis. The sample was then applied
to a conditioned C, g solid-phase extraction cartridge. The compound was eluted
with methanol and was diluted with an equal volume of PB. The compound then
was separated by high-performance liquid chromatography using a reversed-
phase column (C,, 4.6 X 150 mm; Phenomenex Inc., Torrance, CA). The com-
pound was detected using a UV detector at 285 nm, and the dose of cpd-B per
gram of brain tissue was determined.

The kinetics of brain uptake and washout of cpd-B were also investigated as
described previously (20). The compound was solubilized in 5% Tween 80 in
ethanol and then prepared as a 0.2-mg/ml solution containing 5% Tween 80 and
5% ethanol in saline. The compound at a dose of 1.0 mg/kg of body weight was
administered intravenously to ICR mice under ether anesthesia. Both Tween 80
and ethanol are FDA-approved solubilizers of lipophilic medicinal chemicals. At
the dose used in the study, neither solubilizer has been reported to cause any
toxicity or to affect the pharmacokinetics. At 2 min or 30 min after injection, the
blood was collected from the heart using heparin, and then the brain was
obtained as described above. The blood plasma was mixed with 3 volumes of
acetonitrile and centrifuged at 10,000 X g for 5 min. The supernatant was mixed
with the same volume of PB and subsequently filtered to obtain the plasma
sample for analysis. The preparation for the brain sample for analysis and the
assay of the samples were performed as described above. The percentage of the
injected dose per gram of tissue or fluid was used as a measure of the brain or
plasma level of the compound.

In vivo treatment in animal models. In experimental animals that had been
infected intracerebrally with a prion pathogen, cpd-B was given orally ad libitum
as a mixture with powder feed at doses of 0.1%, 0.13%, 0.2%, and 0.33% by
weight in the feed, corresponding, respectively, to ca. 150 mg/kg of body weight/
day, ca. 225 mg/kg of body weight/day, ca. 300 mg/kg of body weight/day, and ca.
500 mg/kg of body weight/day in Tga20 mice, as each mouse consumed an
average of 3.75 g of the feed per day. The animals were monitored every day until
the terminal stage of disease; the incubation period, which was defined in the
present study as the length of time from inoculation to the terminal stage of
disease, was determined.

Pathological and infectivity assays. The right brain hemispheres of the mice
were fixed using 10% buffered formalin and then embedded in paraffin. Three-
micrometer-thick sections of the coronal slice sited at around one-third of the
distance from the interaural line to the bregma line were dewaxed and immu-
nostained using an anti-PrP-C antibody, as described above, or an antibody
against glial fibrillary acidic protein (1:5,000; Dako, Glostrup, Denmark), as
described in a previous study (9).

For detection of PrPres by immunoblotting, the left brain hemisphere was
homogenized with 9 volumes of lysis buffer; after low-speed centrifugation, the
supernatant was treated with 50 pg/ml proteinase K for 30 min at 37°C. An
aliquot corresponding to 0.13 mg of brain tissue for PrPres assay or 0.83 pg of
brain tissue for total PrP assay was electrophoresed on a 13.5% Tris-glycine—
sodium dodecyl sulfate-polyacrylamide gel and analyzed by immunoblotting as
described above.

For the infectivity assay, the left brain hemisphere was homogenized with PBS
to produce a 10% brain homogenate. Serially diluted homogenate samples for
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assay were produced by diluting the brain homogenate serially with 10% brain
homogenate of noninfected mice fed with 0.2% cpd-B for 1 month. A 20-pl
aliquot of each sample was then inoculated intracerebrally into each of the Tga20
mice. Incubation times were assayed as described above.

Statistical analysis. Statistical significance was analyzed using the Kruskal-
Wallis test followed by Scheffé’s F test for multiple comparisons. Correlation
analysis was performed using Spearman’s rank correlation coefficient method.
The regression coefficient was determined using simple linear regression analysis.
The survival rate was calculated using the Kaplan-Meier method; its significance
was evaluated using the log rank method.

RESULTS

Antiprion activity in vitro. The antiprion activities of newly
synthesized compounds were investigated using ScN2a cells,
which are N2a cells that are persistently infected with RML
scrapie prion and are commonly used for drug screening. At a
half-maximum effective concentration (ECs,) of about 60 pM,
cpd-B inhibited PrPres formation (Table 1 and Fig. 1A). Other
related compounds were also potent within a nontoxic dose
range of up to 10 pM.

To investigate whether the efficacies of the compounds de-
pend on the pathogen strain, cpd-B was tested in four other
cell lines that had been infected individually with distinct prion
strains. As shown in Fig. 1A, cpd-B was effective only in N002
(ECsq, 320 nM) and Ch2 (ECs,, 300 nM), both of which are
N2a-58 cells infected with RML prion. However, the inhibitory
activity in these cells was not as strong as that in ScN2a cells,
which are derived from N2a cells expressing one-fifth of the
normal PrP molecules of N2a-58 cells. In contrast, cpd-B was
ineffective in both N167 cells (N2a cells infected with 22L
scrapie prion) and F3 cells (N2a-58 celis infected with
Fukuoka-1 GSS prion) at a dose of less than 10 wM. However,
at a dose of 10 uM, a marginal reduction of the PrPres signals
was observed in both cells. At a dose of greater than 10 pM,
cell toxicity was observed. The results suggest that cpd-B exerts
an inhibitory activity on PrPres formation in a prion strain-
dependent manner: more effectively for RML prion and mar-
ginally for 22L prion or Fukuoka-1 prion.

The inhibition mechanism included no alteration of either
the total or the cell surface level of normal PrP, as demon-
strated in noninfected N2a cells treated with 1 pM cpd-B,
using either immunoblot analysis of the cell lysate without
protease digestion or flow cytometry analysis of the cell surface
PrP (Fig. 1B and C). In addition, cpd-B did not facilitate the
digestion of abnormal PrP by proteinase K, nor did it interfere
with immunodetection, because PrPres signals were not mod-
ified after cpd-B was mixed and incubated with a cell lysate of
nontreated ScN2a cells before proteinase K digestion (data not
shown).

Pharmacological properties. Abnormal PrP amyloid imag-
ing by cpd-B was performed on brain sections of GSS cases to
examine the amyloidophilic properties of cpd-B. The com-
pound bound to and fluorescently labeled most of the PrP
plaques in cerebellar cortices of GSS cases (Fig. 1D). Back-
ground staining was barely observed after rinsing off the excess
compound. Immunohistochemical analysis of PrP revealed
that the compound achieved high-specificity labeling. The
compound displayed no signal in control sections without amy-
loid lesions (data not shown).

Next, to examine the brain accessibility of cpd-B when ad-
ministered orally, brain levels of cpd-B in the experimental
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FIG. 1. cpd-B effects on prion-infected and noninfected cells and its amyloidophilic property. (A) Immunoblot analyses of PrPres formation in
various prion-infected cells treated with the indicated concentrations of cpd-B. N2a-58 (N2a#58) is a stable transformant of N2a and expresses
five-times-higher levels of PrP than N2a. Ch2 is a subclone of N002. The bars on the left are molecular size markers for 41, 32, and 18 kDa.
(B) Immunoblot analysis of total normal PrP in noninfected N2a cells treated with cpd-B. Molecular size markers on the left are 47, 32, and 25
kDa. (C) Flow cytometric analysis of cell surface-normal PrP in noninfected N2a cells treated with 1 wM cpd-B. The solid and broken lines,
respectively, indicate cpd-B-treated cells and nontreated cells. Gray line peaks on the left show their respective controls, using isotype immuno-
globulin as a first antibody. (D) Imaging of abnormal PrP plaques in the brain tissue by cpd-B. Abnormal PrP deposition in a cerebellar tissue from
a case of GSS was fluorescently labeled with cpd-B and subsequently immunostained with an anti-PrP antibody. Bar, 50 um.

animals used in the study were assayed after the animals were
fed ad libitum with 0.2% cpd-B-containing feed for 1 week.
The brain level of cpd-B was 39.16 = 22.15 nmol/g brain tissue
in Tga20 mice (n = 4), 26.04 * 12.50 nmol/g brain tissue in
ICR mice (n = 4), and 22.94 = 7.64 nmol/g brain tissue in Tg7
mice (n = 4). Syrian hamsters, however, showed a lower level,
7.26 = 2.47 nmol/g brain tissue (n = 4). A considerable amount
of cpd-B was detected in the brains of all experimental ani-
mals; no significant difference in the brain cpd-B levels was
found among the types of the mice.

Further study of the pharmacokinetics of cpd-B in the blood
and the brain was performed with ICR mice after cpd-B was
injected into the tail vein. The percentage of the injected dose
per gram of tissue or fluid was determined. The brain uptake
level of cpd-B at 2 min after intravenous injection was 8.01% *
1.27% of the injected dose/g tissue, whereas the blood plasma
level was 2.92% * 1.00%/g fluid. Consequently, the ratio of the
cpd-B concentration in the brain to that in the blood plasma is
2.7:1, indicating that cpd-B is equal to the best brain-entering
amyloidophilic chemicals previously identified (15). On the
other hand, both the brain level and the blood plasma level of
cpd-B at 30 min after the intravenous injection were below the
measurable level of 50 pM, which indicates that cpd-B is very
rapidly washed out from the brain and blood.

Regarding toxicity of cpd-B, body weight losses of about
16% in Tga20 mice and about 5% in Tg7 mice were observed
after cpd-B was given orally ad libitum for 1 week at a dose of
0.33% weight in feed, which corresponds to ca. 500 mg/kg of
body weight/day. Other doses of cpd-B tested in this study
produced no apparent toxic effects in the experimental animals
used.

Therapeutic efficacy in vivo. The therapeutic activity of
cpd-B in vivo was assayed in murine PrP-overexpressing Tga20
mice that had been cerebrally infected with RML scrapie
prion. The nontreated infected mice started exhibiting abnor-

mal clinical signs such as staggering, rotating, irritation, and
motionlessness at about 2 months after the infection; the mice
then wasted into the terminal stage of disease in a week.
Treatment by feeding cpd-B-containing feed ad libitum was
initiated immediately after the infection and continued until
the terminal stage of disease. The cpd-B-treated mice did not
exhibit such abnormal signs as described above and wasted
gradually into the terminal stage of disease. As shown in Fig.
2A, oral cpd-B treatment significantly prolonged the incuba-
tion periods of infected Tga20 mice in a dose-dependent man-
ner; these were 68.5 * 5.9 days in the nontreated control mice,
108.0 + 2.8 days in the mice treated with 0.1% cpd-B feed,
120.5 = 10.7 days in the mice with 0.13% cpd-B feed, and
154.3 = 19.9 days in the mice with 0.2% cpd-B feed. Therefore,
oral cpd-B treatment at the highest dose produced a 2.3-fold
extension of the incubation periods of the mice. Statistical
analyses demonstrated a significant linear correlation between
the incubation periods and the cpd-B doses (r = 0.95; P <
0.01); the correlation equation was y = 426.37x + 66.93 (y,
incubation period [days]; x, cpd-B dose [percentage in feed]),
and the correlation coefficient was 0.89 (P < 0.01).

In our previous studies, the effectiveness of amyloidophilic
chemicals in the extension of incubation periods of infected
animals was observed only in Tga20 mice infected with RML
prion (14, 15). ICR mice were then examined for the thera-
peutic efficacy of oral cpd-B treatment to investigate whether
effectiveness of amyloidophilic compounds is restricted only to
Tga20 mice. Nontreated control ICR mice that had been ce-
rebrally infected with RML prion were in the terminal stage of
disease at 154.2 * 18.4 days postinfection, whereas the mice
treated with 0.2% cpd-B feed lived significantly longer (P <
0.01). Even though the oral cpd-B treatment was discontinued
at day 187 postinfection when the last of the nontreated ani-
mals reached the terminal stage of disease, more than half of
the treated mice survived to day 270 postinfection (Fig. 2B).
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FIG. 2. Effects of orally administered cpd-B on animals cerebrally infected with prion diseases. cpd-B was given orally in a mixed form with
powder feed ad libitum throughout the incubation periods in all animal disease models except the ICR-RML model, in which oral cdp-B treatment
was discontinued at the time when the last of the nontreated animals reached the terminal stage of disease. In this study, the incubation periods
are defined as the periods from the cerebral infection to the terminal stage of disease. Survival rates were calculated using the incubation periods

and are plotted using the Kaplan-Meier method.

Next, the therapeutic efficacy of oral cpd-B treatment
against other prion strains was investigated. The cpd-B treat-
ment significantly prolonged the incubation periods of Tga20
mice that had been cerebrally infected with 22L scrapie prion
(P < 0.01); these were 96.3 = 5.9 days in the nontreated
control mice and 126.3 * 10.3 days in the mice treated with
0.2% cpd-B feed, indicating a 1.3-fold extension of the incu-
bation period (Fig. 2C). Control mice started exhibiting distin-
guished opisthotonus with head rotating a week before the
terminal stage of disease, whereas cpd-B treated mice showed
no such clinical sign, even in the terminal stage.

cpd-B was also effective against Fukuoka-1 GSS prion. Ce-
rebrally infected Tga20 mice lived significantly longer with oral
cpd-B treatment (P < 0.05), i.e,, 101.6 = 12.1 days for the
nontreated control mice and 142.2 * 21.0 days for the mice
treated with 0.2% cpd-B feed, indicating a 1.4-fold extension of
the incubation period (Fig. 2D). Staggering was observed as an
initial clinical sign in the control mice more than 1 week before

the terminal stage of disease, although this clinical sign was not
seen in the cpd-B treated mice.

In contrast to the case for these prion strains, the efficacy
of oral cpd-B treatment was very marginal for 263K scrapie
prion when Tg7 mice expressing hamster PrP were used as
the host (Fig. 2E). The incubation periods of the cpd-B-
treated mice (52.7 % 2.8 days) were significantly but very
marginally longer than those of the nontreated mice (48.0 =
3.0 days) (P < 0.05). This prion is a hamster-adapted scrapie
prion strain; Syrian hamsters were used as the host to ex-
amine whether the marginal efficacy of oral cpd-B treatment
is attributable chiefly to the host Tg7 mouse or to the patho-
gen strain 263K prion. As observed in Tg7 mice, hamsters
treated with 0.2% cpd-B feed also exhibited a marginal
increase in the incubation period compared to that of the
nontreated control hamsters that had been cerebrally in-
fected with 263K prion (P < 0.05): 107.0 = 2.5 days in the
cpd-B treated hamsters and 97.4 *= 6.9 days in the non-
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FIG. 3. cpd-B effects throughout various timings and durations of
oral administration. Tga20 mice cerebrally infected with RML prion
were treated with 0.2% cpd-B feed at different times and for different
durations, and the incubation periods were assayed. Open bars indi-
cate the durations of no treatment [cpd-B (—)]. Shaded bars indicate
the durations of oral cpd-B treatment [cpd-B (+)].

treated hamsters (Fig. 2F). These results indicate that oral
¢pd-B treatment is not as effective for 263K prion.

Timing and duration of dosing. The effectiveness of cpd-B at
various timings and durations of oral administration was ana-
lyzed in Tga20 mice that had been cerebrally infected with
RML prion (Fig. 3). The incubation periods of the nontreated
mice were 63.0 = 1.8 days, whereas the incubation periods of
the mice treated with 0.2% cpd-B feed were inversely corre-
lated with the postinfection durations to the commencement of
cpd-B treatment (r = —0.79; P < 0.01): 174.5 = 7.6 days when
started at day 0 postinfection, 117.2 * 7.0 days when started at
day 35 postinfection, and 88.7 = 17.3 days when started at day
49 postinfection. On the other hand, the incubation periods of
the mice treated with 0.2% cpd-B feed were also correlated
with the durations of cpd-B treatment which started immedi-
ately after cerebral infection (r = 0.95, P < 0.01): 102.1 = 2.9
days when treated for 14 days from the infection, 120.2 *+ 5.2
days when treated for 35 days from the infection, and 142.5 +
7.8 days when treated for 70 days from the infection. In addi-
tion, when the cpd-B treatment was discontinued during early
disease stages, the remaining incubation times were longer
than that of the control mice.

Pathological evaluation. The PrPres content in the brains of
cpd-B-treated mice was analyzed sequentially by immunoblot-
ting and compared with that in the nontreated control mice
(Fig. 4A). The PrPres signals in the nontreated mice were very
strong at the terminal stage of disease (day 63 postinfection).
In contrast, in the mice treated with 0.1% cpd-B feed from the
start of infection, PrPres signals were faint at day 63 postin-
fection and distinct at the terminal stage of disease (day 108
postinfection). However, the PrPres signals at the terminal
stage of disease did not reach the high level shown by the
nontreated control mice at that stage. Comparison of the signal
intensities of the diglycosylated PrPres form showed that 6- to
15-fold-diluted samples from the nontreated terminal mice
exhibited signal intensities similar to those of undiluted or
2-fold-diluted samples from the 0.1% cpd-B-treated terminal
mice (Fig. 4B). Similarly, in the mice treated with 0.2% cpd-B
feed from the start of infection, PrPres signals gradually in-
creased according to the time course after infection: no signals
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were detected at day 63 postinfection, distinct signals were
detected at day 120, and similar or more distinct signals were
detected at the terminal stage of infection (day 154 postinfec-
tion). The PrPres signal levels of the 0.2% cpd-B-treated mice
at the terminal stage of disease were indistinguishable from
those of the 0.1% cpd-treated mice at the terminal stage of
disease.

The glycoform patterns of PrPres differed completely. As
shown in Fig. 4B, when the samples were diluted and reassayed
so that the signal intensities of diglycosylated PrPres forms
were equalized as much as possible, the difference was much
more distinct. The glycoform patterns in the nontreated mice,
which were uniform in the analyzed samples, were predomi-
nantly monoglycosylated, whereas the glycoform patterns in
the cpd-B-treated mice were not necessarily uniform but were
always predominantly diglycosylated. This predominance of
diglycosylated PrPres was also observed for 263K prion (Fig.
4C) but not for other prion strains used in this study (data not
shown).

Modification in the pathology of the brains of cpd-B-treated
mice was analyzed (Fig. 4D). For nontreated control mice with
an incubation period of 63 days, the brain showed prominent
pathological changes consisting of abnormal PrP deposition
and glial cell reaction in the thalamus, although the brains of
the mice treated with 0.2% cpd-B feed showed no such patho-
logical changes at day 63 postinfection and milder levels of
abnormal PrP deposition at the terminal stage of disease (day
154 postinfection). No difference was apparent in the pattern
or distribution of abnormal PrP deposition in the brains be-
tween the nontreated mice and the cpd-B-treated mice.

Infectivity analysis. Infectivity levels are inversely correlated
with incubation periods (24). Therefore, infectivity levels of the
brains of the mice treated with 0.2% cpd-B feed were evalu-
ated by assaying the incubation periods of animals that had
been cerebrally inoculated with the brain homogenate (Table
2). The 10°-fold-diluted brain homogenates from the cpd-B-
treated mice at day 63 postinfection exhibited incubation pe-
riods similar to those of the 10°-fold- or greater diluted brain
homogenates from the nontreated mice; the 10>-fold-diluted
brain homogenates from the cpd-B-treated mice at the termi-
nal stage of disease (day 154 postinfection) showed incubation
periods similar to those of the 10*-fold- or 10°-fold-diluted
brain homogenates from the nontreated mice. The data indi-
cate that the brains of mice treated with 0.2% cpd-B feed had
much lower infectivity levels than those of the nontreated mice
at the same time point after infection and even at the terminal
stage of disease. A 100-fold to 1,000-fold difference in infec-
tivity levels was apparent between the nontreated terminal
mice and the cpd-B-treated terminal mice, although a less-
than-100-fold difference in PrPres levels between the two
mouse groups was estimated from the immunoblot data shown
in Fig. 4B. On the other hand, no inconsistency was apparent
in the gaps in the infectivity levels and the PrPres levels be-
tween the cpd-B-treated mice at day 63 postinfection and those
at the terminal stage of disease. The gap in infectivity levels
between these two groups was around 10-fold; 10-fold dilution
of the samples from the cpd-B-treated terminal mice similarly
produced no signals on the immunoblot, as observed in the
samples from the cpd-B-treated mice at day 63 postinfection
(data not shown).
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nontreated mice (no-treat) or mice treated with 0.1% cpd-B feed or 0.2% cpd-B feed. Each lane represents an aliquot corresponding to 0.13 mg
for PrPres (PK+) or 0.83 ug for total PrP (PK—) of brain tissue from each mouse sacrificed at a designated day after cerebral infection (dpi).
Molecular size markers on the left show 47, 32, 25, and 16 kDa. (B) Immunoblot analysis of PrPres of some of the samples in panel A, which were
diluted and reassayed to equalize signal intensities of the diglycosylated PrPres bands as much as possible for comparison of the signal intensity
and the glycoform pattern of PrPres. Molecular size markers on the left show 32, 25, and 16 kDa. (C) Immunoblot analysis of PrPres to compare
the glycoform patterns of the RML prion and the 263K prion. Analyzed samples were from an RML prion-infected mouse brain and a 263K
prion-infected hamster brain. Molecular size markers on the left are the same as those in panel B. (D) Immunohistochemical analysis of abnormal
PrP deposition (PrP) and neurodegenerative changes by means of astrocytic glial reaction (glial fibrillary acidic protein [GFAP]) in the brains of
noninfected mice, infected but nontreated mice, and infected mice treated with 0.2% cpd-B feed. Data from each representative mouse sacrificed
at a designated day after cerebral infection (dpi) are shown; every picture was taken from an almost identical area of the thalamus. The samples
of 0.2% cpd-B at 63 dpi and 0.2% cpd-B at 154 dpi are from the same individual mouse as the samples in the right lane of 0.2% cpd-B 63 dpi and
the rightmost lane of 0.2% cpd-B 154 dpi in panel A, respectively. Bar, 50 pm.

DISCUSSION ential in the outcome of the treatment with antiprion com-
pounds. Treatment with cpd-B was effective against all tested
prion strains, but both its antiprion effectiveness in vitro and its
therapeutic efficacy in vivo were consistently dependent on the
prion strain. In fact, cpd-B was most effective against RML
prion but less effective against 22L prion and Fukuoka-1 prion
either in vitro or in vivo. In addition, its lowest effectiveness in
therapeutic efficacy was demonstrated identically in either the
263K prion-infected Tg7 mouse model or the 263K prion-

. infected hamster model, although its effectiveness against

In this study, the newly synthesized chemical cpd-B was discov-
ered as an orally available antiprion compound that is effective for
prolonging the incubation periods of animals cerebrally infected
with prion diseases. This compound has no similarity in chemical
structure to previously reported antiprion compounds, although
the compound shares the following properties with antiprion
amyloidophilic chemicals we previously reported, such as (trans,
trans)-1-bromo-2,5-bis-(3-hydroxycarbonyl-4-hydroxy)styryl-
benzene and styrylbenzoazole chemicals: binding to PrP amyloid

plaques in the brain tissue, inhibiting abnormal PrP formation in
prion-infected cells without any effect on either normal PrP ex-
pression level or protease sensitivity of abnormal PrPres, prefer-
ential antiprion effects in RML prion-infected cells rather than
22L prion-infected or Fukuoka-1 prion-infected cells, and pro-
longing the incubation period in the RML prion-infected Tga20
mouse model but never or only marginally in the 263K prion-
infected Tg7 mouse model. The discovery of orally available
cpd-B effectiveness reinforces the idea that amyloidophilic chem-
icals can serve as one class of antiprion drug candidates.

This study has shown that prion strains are definitely influ-

263K prion could not be evaluated on the same host back-
ground as that used for the other prion strains. It is unlikely
that differences in the hosts used in this study are influential in
the therapeutic efficacy of cpd-B treatment, because the brain
chemical levels in all types of mice fed with 0.2% cpd-B for 1
week were not significantly different.

Amyloidophilic chemicals are not the only class of antiprion
compound that exhibits the therapeutic efficacy in a prion
strain-dependent manner. The polyene antibiotic amphoteri-
cin B is another example, but it is opposite to amyloidophilic
chemicals and is specifically effective against 263K prion (1).
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TABLE 2. Infectivity assays of the brains of nontreated mice or cpd-B-treated mice

Nontreated mice (63 dpi®) cpd-B treated mice (63 dpi) cpd-B treated mice (154 dpi)

Dilution Mouse dIi:;:efd Mean incubation time Mouse dli\::;xs(:afd Mean incubation time Mouse dri\i;::d Mean incubation time
"0 miceftotal (days) = SD PO miceftotal (days) = SD o miceftotal (days) = SD
102 cnt-1 8/8 774 45 bec-1¢ m 284.1 = 54.6 bl-1 mM 1220 + 140
be-2¢ 8/8 136.8 = 19.2 bl-2 i 92,6 =89
bl-3 17 89.1 =40
10° cnt-1 8/8 844 *+ 69 be-14 077 >140¢ bl-1 5/9 >140°
cnt-2 6/6 75324 bc-2°¢ 1/8 >140¢ bl-% 17 974 =96
cnt-3 11 75.7+74 bl-3 9/9 1016 +74
10* cnt-1 717 884 =73 bc-1¢ 1/8 >140°¢ bl-1 1/9 >140°¢
bc-2¢ 1/9 >140¢ bl-2 317 >140°
bl-3 3/7 >140°
10° cnt-1 6/6 155.7 £ 553
cnt-2 77 105.4 = 16.5
cnt-3 777 95.9 7.1
10° cnt-1 1/7 >420°
107 cnt-1 377 >420°
108 cnt-1 1/7 >420°
10° cnt-1 2/7 >420°

2 Days after cerebral inoculation.

b Observed up to 420 days postinoculation.

€ Observed up to 140 days postinoculation.

4 Mouse for the sample in the left lane of 0.2% cpd-B at 63 dpi in Fig. 4A.
¢ Mouse for the sample in the right lane of 0.2% cpd-B at 63 dpi in Fig. 4A.

/Mouse for the sample of the rightmost lane of 0.2% cpd-B at 154 dpi in Fig. 4A.

Either variation in strain-specific PrP conformational struc-
tures or variation in microenvironments facilitating PrP con-
formational changes might be involved in the mechanism of
prion strain-dependent efficacy. The results of this study
showed that prions producing predominantly diglycosylated
PrPres molecules were least sensitive or resistant to cpd-B
treatment, which suggests that either the conformational struc-
ture responsible for PrPres or the diglycosylation moieties
might affect the interaction of the compound with abnormal
PrP molecules, although this inference must be examined fur-
ther. The findings indicate that each class of antiprion com-
pounds must be examined using various prion strains to learn
more about prion strain dependency.

Even in the terminal stage of disease, both abnormal PrP
deposition levels in the brain and infectivity levels in the brain
were reduced in the mice treated with cpd-B compared to the

nontreated control mice. It remains unclear why this gap oc- -

curs. One possibility is that the treated mice prematurely fell
into the terminal stage because of accumulated cpd-B toxicity.
This inference, however, does not seem to be correct, because
the noninfected mice treated with 0.2% cpd-B feed for more
than 1 year showed no clinical signs and appeared healthy.
Another possibility is that neuronal cells in the brain might be
more vulnerable to lower levels of abnormal PrP in the pres-
ence of cpd-B or that abnormal PrP bound with cpd-B might
be more toxic to the neuronal cells in the brain. However, these
inferences also seem to be unlikely, because the toxicity of
PrP106-126 peptide amyloid, which is reminiscent of abnormal

PrP, in primary neuronal cell cultures is attenuated by the
presence of cpd-B (unpublished data). Another possibility is
that prion strains modified or selected from the original by the
compound might multiply in the animals and cause the disease;
this inference is supported by data showing that PrPres mole-
cules with different glycoform patterns were detected in the
treated mice. Further study, however, must provide evidence
to support this inference. The findings indicate that life-threat-
ening levels of either infectivity or abnormal PrP in the brain
are not necessarily the same between treated animals and
nontreated animals.

A large quantity of cpd-B was needed for efficacy in vivo;
disease progression was not halted even though the treatment
commenced immediately after the infection and continued to
the terminal stage of disease. This limited effectiveness of
cpd-B might be partly attributable to the pharmacological
properties of its rapid washout from either the brain or the
blood, because it is assumed that the compounds with better
brain permeativity and longer retention in the brain might
produce more beneficial results in prion-infected animals. In
addition, some metabolic instability of the compound might be
responsible for its limited effectiveness, especially the loss of
efficacy during long-term administration. In fact, cpd-B is easily
metabolized in the presence of mouse liver microsome extracts
(unpublished data). Therefore, the pharmacokinetic parame-
ters of this compound must be improved for better efficacy.

The effectiveness of cpd-B is dependent upon the timing and
duration of administration; an earlier start of administration is
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necessary to maximize beneficial results. Therefore, diagnostic
measures in much earlier disease stages, especially presymp-
tomatic stages, are vital to produce more beneficial outcomes.
In addition, multidrug combination chemotherapy using sev-
eral antiprion compounds with different actions might produce
more beneficial results. This study suggests that cpd-B inhibits
new formation of abnormal PrP but does not facilitate the
degradation of already formed abnormal PrP, because a mix-
ture of cpd-B with abnormal PrP did not modify the protease-
resistant property of abnormal PrP. In addition, cpd-B itself
has no activity to protect neuronal cells from neurotoxic insults
aside from PrP amyloid (unpublished data), suggesting that
cpd-B does not protect neuronal cells from neurodegenerative
insults that are induced secondarily by abnormal PrP. Combi-
nations of cpd-B with other compounds such as doxycycline,
flupirtine, and simvastatin might be examples, but their efficacy
must be evaluated. Doxycycline is a tetracycline antibiotic
known to destabilize abnormal PrP (12). Flupirtine is a cen-
trally acting nonopioid analgesic and protects neuronal cells
from apoptotic cell death induced by toxic PrP106-126 peptide
amyloid (29). It was used in clinical trials, where beneficial
effects on cognitive functions in patients with CJD were proved
(21). Simvastatin is a cholesterol-lowering drug known to prevent
abnormal PrP formation in prion-infected cells, presumably by
redistribution of normal PrP away from cholesterol-rich lipid
rafts (13, 31). It prolongs survival times in prion-infected ani-
mals (16, 17).

Recently, long-term cerebroventricular administration of
pentosan polysulfate (PPS), a clinical approach based on our
preclinical study in rodent models of prion diseases (9), has
been carried out in 26 patients with various types of diseases
(27). Although its therapeutic efficacy remains to be confirmed,
preliminary clinical experience indicates prolonged survival in
some patients receiving long-term PPS (22, 27). Further pro-
spective investigation of PPS administration is necessary to
obtain high-quality evidence for its clinical benefits. However,
this treatment has some weaknesses. One is the requirement
for surgical implantation of a continuous infusion pump and an
intraventricular catheter, which could become an obstacle to
extension of clinical trials because of the potential risks of
prion contamination in operating rooms and of operation in-
struments, although most developed countries now possess
clearly defined and well established guidelines for safe surgical
and anesthetic management of patients with prion diseases.
Compared to such treatments, the treatments using orally
available antiprion compounds are absolutely preferable and
practical.

The compounds tested in the study were originally designed
as therapeutic lead chemicals for the treatment of Alzheimer’s
disease. In fact, cpd-B and related chemicals are very effective
in vitro in either inhibiting beta-amyloid formation or protect-
ing neuronal cells from beta-amyloid toxicity; in addition,
cpd-B has therapeutic efficacy in an Alzheimer’s disease mouse
model (unpublished data). Therefore, cpd-B is a therapeutic
candidate not only for prion diseases but also for Alzheimer’s
disease. The search for and development of drugs for prion
diseases reportedly do not interest pharmaceutical companies
because of the limited number of patients, but the possible use
of amyloidophilic chemicals as drug candidates for both prion
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diseases and Alzheimer’s disease might attract and accelerate
the development of therapeutic drugs for prion diseases.

In conclusion, our findings related to the newly synthesized
amyloidophilic chemical cpd-B are encouraging, but further
improvement of its safety profiles and pharmacokinetic prop-
erties is necessary before clinical application can be consid-
ered. Moreover, additional problems exist with its prion strain-
dependent effectiveness and with its reduced effectiveness if
administered at later disease stages.
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Cathepsin S (CS) is a lysosomal/endosomal cysteine
protease especially expressed in cells of a mononu-
clear lineage including microglia. To better understand
the role of CS in microglia, we investigated microglial
responses after a facial nerve axotomy in CS-deficient
(CS—-/-) and wild-type mice. Microglia in both groups
accumulated in the facial motor nucleus following axot-
omy. However, the mean number of microglia in CS—/—
mice on the axotomized side was significantly smaller
than that in wild-type mice. Microglia were found to
adhere to injured motoneurons in wild-type mice,
whereas microglia abutted on injured motoneurons
without spreading on their surface in CS—/— mice. At
the same time, the axotomy-induced down-regulation
of tenasin-R, an antiadhesive perineuronal net for
microglia, was partially abrogated in CS—/— mice. Pri-
mary cultured microglia prepared from CS-/— mice
showed that CS deficiency caused significant suppres-
sion of migration and transmigration of microglia. In
CS—/— mice, impaired recruitments of circulating
monocytes and T lymphocytes and reduced expression
of the class Il major compatibility complex on the axo-
tomized side were observed. Interestingly, cathepsin B,
a typical lysosomal cysteine protease, was markedly
expressed on the axotomized side in CS—/— but not in
wild-type microglia. Finally, we compared axotomy-
induced neuronal death in the two groups and found
that the percentage of motoneurons that survived in
CS—/— mice was significantly smaller than that in wild-
type mice. The present study strongly suggests that CS
plays a role in the migration and activation of microglia
to protect facial motoneurons against axotomy-induced
injury. © 2007 Wiley-Liss, Inc.

Key words: cathepsin S—deficient mice; facial nerve
axotomy; microglia; cathepsin B; transmigration; moto-
neuron survival

Cathepsin S (CS) is a member of the lysosomal cys-
teine protease family, which is preferentially expressed in
cells of mononuclear-phagocytic origin including micro-
glia (Petanceska et al., 1996). In response to lipopolysac-
charide (LPS), a substantial increase in the activity of CS
secreted from both macrophages and microglia is observed

© 2007 Wiley-Liss, Inc.

(Petanceska et al., 1996). CS retains its proteolytic activity
even after prolonged exposure to a neutral pH (Bromme
et al., 1989, 1993). CS has been reported to degrade sev-
eral extracellular matrix (ECM) molecules including
fibrillar collagen, elasin, laminin, fibronectin, and heparan
sulfate proteoglycans at a neutral pH (Liuzzo et al., 1999).
CS-deficient (CS—/—) monocytic cells showed impaired
subendothelial basement membrane transmigration
(Sukhova et al., 2003). Furthermore, CS plays a pivotal
role in antlgen presentation because this enzyme is an
essential requirement for invariant chain processing in
antigen-presenting cells including dendntic cells and
microglia (Nakagawa et al., 1999; Shi et al., 1999; Nish-
ioku et al., 2002) without affecting expression of the class
I major compatibility complex (MHC II). The cell type-
specific localization and enzymatic nature of CS both
contrast sharply with other types of lysosomal cysteine
proteases including cathepsin B (CB). CB is expressed in
almost all cell types and is also secreted from microglia as
the heavy chain form in addition to the proform on stim-
ulation with LPS (Ryan et al., 1995). However, it is well
known that CB is irreversibly inactivated at a neutral pH.
In addition to playing a role in intracellular proteolysis,
CS secreted by microglia and monocytic cells may also
play a role in extracellular proteolysis among different
types of lysosomal cysteine proteases. We may therefore
speculate that CS plays a specific role in the reactions of
microglia and monocytic cells including migration, adhe-
sion, transmigration, and antigen presentation (Nakanishi,
2003).

It is well known that microglia exhibit a series of
reactions after facial nerve axotomy (Ravich et al., 1999;
Moran and Graeber, 2004). Following axotomy, micro-
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glia are rapidly activated and then are transformed into a
deramified form; thereafter, they proliferate, adhere to
injured motoneurons, and spread on their surfaces.
Monocytic cells recruited to the brain parenchyma
through the cerebral vasculature and the leptomeninges
also adhere to injured motoneurons (Priller et al., 2001;
Bechmann et al., 2005). Although the precise pathological
significance of the perineuronal satellite position of
microglia remains unclear, the adhesion of microglia to
injured motoneurons may be essential for neuronal sur-
vival, thus leading to axonal regeneration. Activated
microglia may displace synaptic input, a phenomenon
known as synaptic stripping (Blinzinger and Kreutzberg,
1968). The tight adhesion of microglia could enhance
uptake of diffusible molecules leaked from injured moto-
neurons and trans-synaptic uptake of their breakdown
products as well as of pathogens (Ravich et al., 1999;
Kalla et al., 2001). On the other hand, microglia express
MHC II and costimulatory factors (Streit et al., 1989) and
interact with T lymphocytes recruited to the axotomized
facial motor nucleus (Ravich et al.,, 1998). Therefore,
microglia may also play a pivotal role in immune surveil-
lance as an antigen-presenting cells in the axotomized fa-~
cial motor nucleus. Following a facial nerve axotomy,
there was marked up-regulation in microgla of CS and
cystatin C (CysC), the latter an endogenous inhibitor for
cysteine proteases (Miyake et al, 1996; Uwabe et al,
1997). Up-regulation of CS may be closely associated
with microglial responses to a facial nerve axotomy
because ECM degradation is required for the rapid migra-
tion, adhesion, and transmigration of microglia and
monocytic cells. Moreover, CS 1s essential for antigen
presentation by microglia (Nishioku et al., 2002). How-
ever, no report has previously elucidated the precise func-
tion of CS in microglial reactions to a facial nerve axot-
omy.

In the present study, we examined the effects of CS
deficiency on microglial reactions to a facial nerve axot-
omy and facial motoneuron survival. We found that CS
deficiency markedly impaired cellular responses of micro-
glia to a facial nerve axotomy, thereby promoting axot-
omy-induced facial motoneuron death.

MATERIALS AND METHODS
Animals

Heterozygous mice (CS4/—) mice on a DBA back-
ground were provided by Dr. Willam H. Brissette (Central
Research Division, Pfizer Inc., Groton, CT; Nakagawa et al,,
1999) and maintained under specific pathogen-free conditions
at Kyushu University Faculty of Dentistry. Selection of CS—/—
mice from littermates obtained by heterozygous coupling was
performed by template genomic DNA isolated from tail
biopsies examined to detect the neomycin cassette by neoexon
6~ and exon 5-specific PCR with primers of cs6-1 (5'-TAC-
CCGCTTCCATTGCTCAG-3), cs6-2 (5-TCTTTCAGG-
GCATCTTCGTC-3"), cs5-1 (5-GGTTCTTGTGGTGCC-
TGTTG-3), and cs5-2 (5'-GTGGCTTTGTAGGGATGGA-3).
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Surgical Procedures

All operations were performed under anesthesia with
pentobarbital (40 mg/kg intraperitoneally, i.p.). The right fa-
cial nerves of 6-week-old CS—/— and wild-type mice were
transected approximately 1 mm at the stylomastoid foramen.
Failure of a mouse to move the whiskers on the right side of
the face following recovery from anesthesia was considered
verification of the success of the axotomy.

Immunohistochemistry

Detailed indirect fluorescent immunohistochemistry has
been previously described (Nakanishi et al., 2001; Shimizu
et al.,, 2005). Briefly, 2, 4, 7, 14, 30, and 50 days after axot-
omy, the specimens were obtained from CS—/— and wild-
type mice {(n = 4 each), which were anesthetized with sodium
pentobarbital (40 mg/kg, i.p.) and killed by intracardiac perfu-
sion with isotonic saline, followed by a chilled fixative consist-
ing of 4% paraformaldehyde (PFA) in 0.2M phosphate-buf-
fered saline (pH 7.4). After perfusion, the brain was removed,
further fixed by immersion in the same fixative overnight at
4°C, and then immersed in 20% sucrose (pH 7.4) for 24 hr at
4°C. Floating parasagittal sections (30 pm thick) of the brain
stem were prepared by a cryostat (CM1850 Leica, Nusloch,
Germany) and stained with rabbit polyclonal anti-ionized cal-
cium-binding adaptor molecule 1 (Ibal) antibody (1:500;
Wako Pure Chemical Industries, Ltd., Osaka, Japan), OX6
(1:100; Serotec, Oxford, UK), mouse monoclonal anti—tenas-
cin R (TNR) antibody (1:100; R&D Systems Inc., Minneap-
olis, MN), or rabbit polyclonal anti—choline acetyltransferase
(ChAT, 1:500; Chemicon International) for 3 days at 4°C.
After washing with phosphate-buffered saline (PBS), the sec-
tions were stained with biotinylated antirabbit, antimouse, or
antigoat IgG (Vector Laboratories, Burlingame, CA) over-
night. After washing with PBS, the sections were stained with
ABC reagent (Vector Laboratories, Burlingame, CA) or Alexa
488 0.5% streptavidin (Molecular Probes, Eugene, OR). The
sections that reacted with ABC reagent were developed with
diaminobenzidine, dehydrated in alcohol and xylene, and then
mounted. The sections that reacted with Alexa 488 streptavi-
din were mounted with Vectashield antifading medium
(Vector Laboratories).

For double staining, floating parasagittal sections (30 pm
thick) of the brain stem were incubated with goat polyclonal
anti-CS anubody (1:300; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA), rabbit polyclonal anti-CB (1:200; Upstate,
Lake Placid, NY), anti-ChAT (1:500), rabbit polyclonal anti-
CysC (1:300; Upstate), or mouse monoclonal anti-CD3
(1:500; BD Biosciences, Bedford, MA) antibody for 3 days at
4°C. After washing with PBS, the sections were treated with
0.5% antirabbit or antigoat IgG conjugated with Cy3 (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) for
2 hr at room temperature. They were then further treated
with anti-Ibal antibody (1:500) or F4/80 (1:50; Serotec,
Oxford, UK) for 3 days at 4°C. After washing with PBS, the
sections were treated with 0.5% antirabbit 1gG or antimouse
IgG conjugated with Alexa 488 (Molecular Probes, Eugene,
OR) for 2 hr at room temperature. The sections incubated
with anti-ChAT antibody were also treated with 0.5% anti-
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rabbit IgG conjugated with Alexa 488 (Molecular Probes) for
2 hr at room temperature. The sections were treated with
mouse monoclonal anti-GFAP antibody (Sigma, St. Louis,
MO) for 3 days at 4°C and then were further incubated with
0.5% antimouse IgG conjugated with Cy3 (Jackson Immunor-
esearch Laboratories). The sections were mounted in the Vec-
tashield antifading medium (Vector Laboratories, Burlingame,
CA) and examined by a confocal laser scanming microscope
(CLSM; LSM510META, Carl Zeiss, Jena, Germany).

Evaluation of Microglial Morphology

To quantitatively describe the differences in microglial
morphology between CS—/— and wild-type mice after axot-
omy, we adopted a transformation index (TI), which was cal-
culated by the equation, [perimeter of cell (LM))?/4m [cell
area (umz)] (Fujita et al., 1996). Five sections (30 pm thick)
stained with anti-Ibal antibody were randomly selected from
each of the CS—/— and wild-type mice (n = 3 each). Images
of individual sections, photographed with a conventional
CCD camera with a 20X objective (numerical aperture =
0.75), were analyzed with an image analyzer to determine
their perimeters and areas. The TI was calculated for the axo-
tomized and control sides of the CS—/— and wild-type mice
2, 4, and 7 days after axotomy.

Electrophoresis and Immunoblotting

The supernatant fractions of the facial nuclei were pre-
pared from CS—/— (n = 3) and wild-type (n = 3) mice
7 days after axotomy, in which the mice were anesthetized
with sodium pentobarbital (40 mg/kg, i.p.) and killed by in-
tracardiac perfusion with isotonic saline. Each homogenate
was electrophoresed in 7%-12% sodium dodecyl sulfate
(SDS)—polyacrylamide gels. Proteins on SDS gels were trans-
ferred electrophoretically to nitrocellulose membranes. The
protein transfers were blocked in 5% skim milk for 1 hr at
room temperature under gentle agitation. The blots were then
incubated with anti-CS (1:1,000), ant-CB (1:1,000), anu-
CysC (1:1,000), ant-TNR (1:500), or antiactin (1:1,000,
Santa Cruz Biotechnology, Santa Cruz, Santa Cruz, CA) anti-
bodies overnight at 4°C under gentle agitation. After washing,
the blots were incubated with 0.02% horseradish peroxidase
(HRP)-labeled donkey antirabbit or antimouse IgG (Amer-
sham). Subsequently, the membrane-bound, HRP-labeled
antibodies were detected by an enhanced chemiluminescence
detection system (ECL kit, Amersham) with an image analyzer
LAS-1000 (Fuji Photo Film, Tokyo, Japan). The protein
bands were then scanned and analyzed densitometrically.

mRNA Extraction and Reverse
Transcriptase (RT)-PCR

- mRNA was prepared from the facial nuclei from CS—/—
(n = 3) and wild-type (n = 3) mice 7 days after axotomy,
and then the mice were anesthetized with sodium pentobarbi-
tal (40 mg/kg, 1.p.) using a QuickPrep micro mRNA purifi-
cation kit (Amersham Oharmacia Biotech, England, UK), and
the first cDNA was synthesized using SuperScript 1 (Invi-
trogen, Carlsbad, CA). For PCR, the ¢cDNA was amplified by
Tag DNA polymerase (Invitrogen). Reverse transcription was

performed at 60°C for 15 min in 0.5 mg of mRNA. PCR
amplification was performed in the DNA amplifier cycle
(Techne Duxford, UK) after an initial cycle at 94°C for 2
min for 40 cycles of 1 min at 94°C and 1.5 min at 60°C. The
RT-PCR products were run on 2% agarose gel and stained
with ethidium bromide. Glyceroldehydes-3-phosphate dehy-
drogenase (GAPDH)—specific primers were used as a control
with 1 mL of template cDNA. Primers for CS were 5-GAC-
ATTGCCTGACACTGTGG-3 and 5-CATGTTCACATT-
GCCCGTA-3, primers for CB were 5-CTCTGGAGCAT-
GGAGCTTCT-3 and 5'-ATGCCACAGTGGTTTTCTCC-3,
primers for CysC were 5-AGCGAGTACAAC-AAGGG-
CAG-3' and 5-CAAGAAGAGTGAAGCCAGGG-3', and
primers for GAPDH were 5'-TCCACCACCCTGTTGCTGTA-
3’ and 5-ACCACAGTCCATGCCATCAC-3.

Microglial Culture

Microglia were isolated from mixed primary cell cul-
tures from whole-brain samples of 3-day-old CS—/— and
wild-type mice according to methods described previously
(Nishioku et al., 2002). Eagle’s minimal essential medium
(MEM) containing 10% fetal calf serum, penicilin G (40 U/
mlL), and streptomycin (50 mg/mL) was used for culture me-
dium. After 10-14 days in culture, floating cells and weakly
attached cells in the mixed glial cell layer were isolated by
shaking of the flask. The resulting cell suspension was trans-
ferred to a petri dish (Falcon 1001, Lincoln Park, NJ) and
allowed to adhere at 37°C. Unattached cells were removed af-
ter 30 min, and microglia were isolated as strongly adhering
cells. The microglia were more than 96% pure, as determined
by the immunostaining of Ibal.

Cell Proliferation Assay

Cell viability was measured 24 hr after treatment with
macrophage colony-stimulating factor (M-CSF, R&D Systems
Inc., Minneapolis, MN) or granulocyte macrophage colony-
stimulating factor (GM-CSF, Genzyme, Cambridge, MA) by
WST-8 conversion to water-soluble formazan by mitochon-
drial dehydrogenase (Cell Counting Kit-8, Dojindo, Kuma-
moto, Japan). Briefly, WST-8 was added to the culture me-
dium of primary cultured microglia prepared from CS—/-
and wild-type mice growing in serum-free medium and incu-
bated at 37°C for 4 hr. The supernatant was transferred to 96-
well dishes and then was quantitated using a plate reader at
450 nm.

Cell Migration Assay

Cell migration of microglia was assessed using the Boy-
den chamber. Polycarbonate filters with pores of 3 uM pre-
coated with fibronectin (Becton Dickison Labware, Bedford,
MA) were used. Five hundred microliters of microglial cell
suspension in serum-free MEM containing 0.3% bovine serum
albumin prepared from CS—/— and wild-type mice was
plated on cell inserts at a cell density of 10°. All inserts were
dipped into lower wells contained 750 pL of serum-free
MEM containing 100 uM ATP as a chemical attractant. The
plates were incubated at 37°C in a 10% CO, atmosphere for
6 and 24 hr. Cells remaining on the upper surface of. the
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membrane were removed by wiping, and migrated cells were
fixed with 4% PFA and subjected to Diff-Quik stain (Sysmex
Corp., Kobe, Japan). Microglia that migrated to the lower
surface of the membrane were manually counted in eight ran-
domly chosen fields under a microscope with a 20X objec-
tive. Each assay was performed in triplicate.

Cell Transmigration Assay

Cell transmigration of microglia was assessed using a
Matrigel chamber. Polycarbonate filters with pores of 8 puM
precoated with Matrigel basement membrane matrix (BD Bio-
sciences) were used. Five hundred microliters of microglial
cell suspension in serum-free MEM containing 0.3% bovine
serum albumin prepared from CS—/— and wild-type mice
was plated on cell inserts at a cell density of 2 X 10°. All
inserts were dipped into lower wells contained 750 pL of se-
rum-free MEM containing 100 uM ATP as a chemical attrac-
tant. In some experiments using primary culture microglia
prepared from wild-type mice, benzyloxycarbonyl-Phe-Leu-
a-keto-B-aldehyde (Z-FL-COCHO; Calbiochem, San Diego,
CA), a specific inhibitor of CS, was added to serum-free
MEM. Plates were incubated at 37°C in 10% CQ, atmos-
phere for 24 hr. Cells remaining on the upper surface of the
membrane were removed by wiping and the transmigrated
cells were fixed with 4% PFA and subjected to Diff-Quik
stain (Sysmex Corp.). The number of microglia that transmi-
grated to the lower surface of the membrane was manually
counted in eight randomly chosen fields under a microscope
with a 20X objective. Each assay was performed in triplicate.

Intrasplenic Injection of 6-Carboxylfluorescein
Diacetate (CFDA)

CS—/— and wild-type mice (n = 3 each) were anesthe-
tized with sodium pentobarbital (40 mg/kg, i.p.). A 0.5 ¢cm
incision was made on the left lateral abdomen. After preparing
the surface of the spleen, 100 pL of a solution containing 2%
of the long-lasting fluorescent tracker CFDA (Molecular
Probes) in 0.1M PB was slowly injected. Twenty-four hours
after the intrasplenic injection of CFDA, the right-side facial
nerves were axotomized.

Quantitative Analysis of Facial Motoneurons

The optical dissector method using CLSM images (Jinno
et al.,, 1998; Shimizu et al., 2005) was used to measure the
numerical density of facial motoneurons. Five 30-pum-thick se-
rial sections of a facial motor nucleus stained with ant-ChAT
antibody were prepared from CS—/— and wild-type mice
(n = 3 each) that had been subjected to facial nerve axotomy
4, 7, 30, and 50 days earlier. Images of individual sections
were taken as a stack at 1-um step size along the z direction
with a 20X objective by a CLSM (LSM510MET). Data were
transferred to a Power Mac G4 computer (Apple) and then
analyzed using NIH Image software (version 1.62). Antibodies
from the surface sufficiently permeated the full thickness of
both CS—/— and wild-type mice brain sections. The number
of ChAT-immunoreactive cells in each of five serial sections
of a facial motor nucleus was summed. The data were aver-
aged for each animal and then for each group. The calculated
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Fig. 1. Microghal responses following facial nerve axotomy in CS—/
— and wild-type mice. A: Ibal-stained microglia in facial motor
nuclei on control side (Co) of wild-type mice 4 days after axotomy.
Scale bar = 50 pm. B: Ibal-stained microglia in facial motor nuclei
on Co side of CS—/— mice 4 days after axotomy. C: Ibal-stained
microglia in facial motor nuclei on axotomized side (Ax) of wild-
type mice 4 days after axotomy. D: Ibal-stained microglia in facial
motor nuclei on Ax side of CS—/— mice 4 days after axotomy. E:
High-resolution CLSM images of Ibal-stained microglia on the axo-
tomized side of facial motor nuclei of wild-type mice 7 days after
axotomy. Scale bar = 25 um. F: High-resoludon CLSM images of
Ibal-stained microglia on the axotomized side of facial motor nuclet
of CS—/— mice 7 days after axotomy. Each section was taken as a
stack at 1-um step size along the z direction with a 100X objective
by a CLSM. G: Number of microglia accumulated in axotomized fa-
cial motor nuclei of wild-type and CS—/— mice (open and solid col-
umns, respectively) 2, 4, and 7 days after axotomy. Each column and
bar represents the mean % SD of three experiments (*significant dif-
ference at P < 0.05). H: TT of microglia accumulated in the axotom-
ized facial motor nuclei of wild-type and CS—/— mice (open and
solid columns, respectively) 2, 4, and 7 days after axotomy. TI was
calcglated by the equation [perimeter of cell (UM))* /47 [cell area
(rm7}.

numerical profile densities of the groups were compared using
the Student ¢ test.

Statistical Analysis

Data are expressed as means & SDs. The statistical anal-
yses were performed using the Student ¢ test.

RESULTS

Alterations of Microglial Responses to Facial
Nerve Axotomy in CS—/— Mice

No obvious abnormality in CS—/— mice compared
to wild-type mice was noticed. We first focused on the
microghal responses to the facial nerve axotomy. Follow-
ing axotomy, microglia on the axotomized side of mice in
both groups showed activated cell morphology character-
ized by a large cell body with thick processes. On the
other hand, microglia on the control side maintained a
normal ramified morphology (Fig. 1A,B). Four days after
axotomy, there was a marked difference between the two
groups in the morphology of microglia on the axotom-
ized side. In wild-type mice, microglia had relatively small
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cell bodies with thin processes (Fig. 1C). In contrast, in
CS—/— mice most microglia still had rather large cell
bodies with short processes (Fig. 1D). These morphologi-
cal differences in microglia became more prominent 7
days after axotomy. CLSM images clearly showed that
microglia spread on the surfaces of injured motoneurons,
forming a thin continuum rimlike structure, in the wild-
type mice (Fig. 1E). In CS—/— mice, most microglia still
had rather large cell bodies with short processes and abut-
ted injured motoneurons without spreading on their sur-
face (Fig. 1F).

We further quantitated the number and morpholog-
ical transformation of microglia on the axotomized side of
the facial motor nuclei of both groups. As shown in Fig-
ure 1G, the mean number of microgha that had accumu-
lated on the axotomized side of the facial motor nuclei of
CS—/— mice was significantly smaller than that of wild-
type mice. The morphological transformation of micro-
glia after axotomy was also quantitated as a T1 using the
equation [perimeter of cell (UM)]?/47 [cell area (p.mz)].
The mean TI of CS—/— mice was significantly larger
than that of wild-type mice 4 days after axotomy
(Fig. 1H).

Reduced TNR Down-Regulation in Facial Motor
Nuclei of CS—/— Mice following Axotomy

Next, we tried to determine why the CS—/—
microglia failed to spread on the surfaces of facial moto-
neurons after axotomy. It has been reported that TNR
that presents in the perineuronal net of motoneurons acts
as antiadhesive for activated microglia (Angelov et al.,
1998). Furthermore, expression of TNR was markedly
down-regulated after axotomy. Therefore, it is tempting
to speculate that insufficient down-regulation of TNR in
CS—/— mice may prevent microglia from spreading onto
the surfaces of axotomized facial motoneurons. To deter-
mine if this were true, we examined the level of TNR in
the facial motor nuclei of CS—/— and wild-type mice af-
ter axotomy. In both groups, the total amount of TNR
significantly decreased on the axotomized side (Fig. 2A).
However, there was a greater decrease in the amount of
TNR in the CS—/— mice than in the wild-type mice.
This was substantiated with immunostaining with anti-
TNR antibody (Fig. 2B). Although the immunoreactivity
for TNR diffusely spread throughout a facial motor nu-
cleus, the most intense immunoreactivity was found on
the surface of cell somata of motoneurons in both groups.
Seven days after axotomy, there was a marked reduction
in the immunoreactivity for TNR on the axotomized
side of the facial motor nuclei of wild-type mice. In con-
trast, only a moderate reduction in immunoreactivity for
TNR was found in the CS—/— mice.

Effects of CS Deficiency on ATP-Induced
Migration/Transmigration and GM-CSF-Induced
Proliferation of Primary Cultured Microglia

Rapid accumulation of microglia occurred in the
facial nuclei after axotomy mainly because of the prolifer-
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Fig. 2. Reduction in axotomy-induced down-regulation of TNR in
facial motor nuclei of CS—/— mice 7 days after axotomy. A: Immu-
noblot analyses of TNR levels on the control (Co) and axotomized
(Ax) sides (open and solid columns, respectively) of facial motor
nuclei of CS—/— and wild-type mice. Mean relative immunoreactiv-
ity of TNR band was determined using expression of actin as an in-
ternal control. Each column and bar represents the mean * SD of
three experiments (**significant difference at P < 0.01). B: Immu-
nohistochemical staining of TNR on Co and Ax sides of facial motor
nuclei of CS—/— and wild-type mice. A marked reduction in
the immunoreactivity for TNR was observed in axotomized facial
motor nuclei of wild-type mice but not in CS—/— mice. Scale bar
=75 um.

ation and migration of microglia as a result of cellular acti-
vation (Ravich et al.,, 1999; Moran and Graeber, 2004).
There is increasing evidence that in addition to the con-
tributions made by proliferation and migration, recruit-
ment of monocytic cells through the cerebral vasculature
and the leptomeninges also adds to the increased number
of microglia on the axotomized side of the facial motor
nucleus (Priller et al., 2001; Bechmann et al.,, 2005).
Thus, we next compared the proliferative, migratory, and
proliferative abilities of primary cultured microglia pre-
pared from CS—/— and wild-type mice because there
was a significant reduction in the number of microglia on
the axotomized side of the facial motor nuclei of CS—/—
mice.

M-CSF is a major mitogen for microglia in the axo-
tomized facial nucleus (Raivichet al., 1994). Furthermore,
an experiment involving GM-CSF binding in axotomized
facial nuclei showed GM-CSF to be a plausible mitogen
(Ravich et al., 1991). We thus used both M-SCF and
GM-CSF as mitogens to examine the effect of CS defi-
ciency on cell-proliferating ability. As shown in Figure 34,
there was no significant difference between the two
groups in the cell-proliferating ability of microglia
after stimulation with either M-CSF or GM-CSF. We
next conducted ATP-induced cell migration assay using a
Boyden chamber. The wild-type and CS—/— microglia
that migrated to the opposite side of the fibronectin-
coated membrane after treatment with ATP were
counted. As shown in Figure 3B, the mean number of
migrated CS—/— microglia 24 hr after treatment with
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Fig. 3. Effects of CS deficiency on proliferation, migration, and
transmigration of primary cultured microglia. A: Mean survival ratio
of CS—/— and wild-type microglia 24 hr after treatment with M-
CSF or GM-CSF. Each column and bar represents the mean * SD
of three experiments. B: ATP-induced migration of primary cultured
microglia prepared from CS—/— and wild-type mice detected by the
Boyden chamber. Mean number of CS—/— and wild-type microglia
that migrated to the opposite side of a fibronectin-coated membrane,
assessed by a Boyden chamber 6 and 24 hr after treatment with ATP
(100 pM). Each column and bar represents the mean * SD of three
experiments (*significantly different from the wild-type microglia at
P < 0.05). C, D: ATP-induced transmigration of primary cultured
microglia prepared from CS—/— and wild-type mice, detected by a
Matrigel invasion chamber. C: CS—/— and wild-type microglia that
transmigrated to the opposite side of the Matrigel basement mem-
brane matrix. Scale bar = 85 um. D: Mean number of CS—/— and
wild-type microglia as well as wild-type microglia treated with Z-
FL-COCHO that transmigrated to opposite side of the Matrigel
basement membrane matrix 24 hr after treatment with ATP
(100 pM). Each column and bar represents the mean * SD of three
experiments (**significantly different from the wild-type control at
P < 0.01).

ATP (100 nM) was slightly but significantly smaller than
that of migrated wild-type microglia. We further con-
ducted an ATP-induced cell transmigration assay using a
Matrigel invasion chamber. The mean number of CS—/
— microglia transmigrated through the Matrigel basement
membrane matrix 24 hr after treatment with ATP (100
nM) was significantly lower than that of wild-type micro-
glia (Fig. 2C,D). Furthermore, a specific inhibitor of CS,
Z-FL-COCHOQ, significantly inhibited the transmigration
of wild-type microglia through the Matrigel basement
membrane matrix in a dose-dependent manner (Fig. 3D).
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Fig. 4. Impairment of axotomy-induced recruitment of CFDA-la-
beled splenocytes and T lymphocytes in the facial motor nuclei of
CS—/— mice. A: Immunofluorescent CLSM image of facial motor
nuclei of wild-type mice 7 days after axotomy showing that the
CFDA-Iabeled cells (green) are visible on the axotomized side. Scale
bar = 35 p. B: Immunofluorescent CLSM image of facial motor
nuclei of CS—/— mice 7 days after axotomy showing that the
CFDA-labeled cells (green) are not visible on the axotomized side.
The CFDA-labeled cells corresponded well with microglia (red),
which spread on the surface of injured facial motoneurons. C:
CLSM image of infiltrated CD3-positive T lymphocytes (red) and
Ibal-positive microglia (green) in facial motor nuclei of wild-type
mice 14 days after axotomy. Scale bar = 40 pm. D: CLSM image of
infilerated CD3-positive T lymphocytes (red) and Ibal-positive
microglia (green) in facial motor nuclei of CS—/— mice 14 days after
axotomy. E: CLSM image of infiltrated CD3-positive T lymphocytes
(red) and Ibal-positive microglia (green) in facial motor nuclei of
wild-type mice 50 days after axotomy. Scale bar = 40 pm. F: CLSM
image of infiltrated CD3-positive T lymphocytes (red) and Ibal-posi-
tive microglia (green) in facial motor nuclei of CS—/— mice 50 days
after axotomy. G: CLSM images of immunoreactivity for MHC II-
positive cells in facial motor nuclei of wild-type mice 14 days after
axotomy. Scale bar = 30 pm. H: CLSM images of immunoreactivity
for MHC Il-positive cells in facial motor nuclei of CS—/— mice
14 days after axotomy.

Z-FL-COCHO did not have a significant cytotoxic effect
on primary cultured microglia in the concentration range
used in this study (data not shown).

Impaired Recruitment of Monocytic Cells and

T Lymphocytes and Reduced MHC II Expression
in Facial Motor Nuclei of CS—/— Mice

after Axotomy

To further evaluate the effects of CS deficiency on
cell transmigration, we examined the recruitment of
monocytic cells and T lymphocytes into facial motor
nuclei after axotomy. Seven days after axotomy, CFDA-
fluorescent granules were detected on the axotomized
side of the facial motor nuclei of intrasplenic CFDA-
injected wild-type mice. These CFDA fluorescent gran-
ules were found to localize in 13% * 3% of the Ibal-pos-
iive microglia (Fig. 4A). In contrast, we could not detect
any CFDA fluorescent granules in the facial motor nuclei
of CFDA-injected CS—/— mice (Fig. 4B). These obser-
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vations indicated that approximately 10% of the Ibal-pos-
itive cells that accumulated on the axotomized side thus
originated from circulating monocytic cells and that the
CS deficiency significantly suppressed the recruitment of
these monocytic cells.

We also examined recruitment of T lymphocytes in
the facial motor nuclei 14 and 50 days after axotomy. In
wild-type mice, CD3-positive T lymphocytes were
detected to infiltrate the axotomized side (Fig. 4C.E).
The mean number of CD3-positive cells per section 14
and 50 days after axotomy was approximately 4 and
12 cells/section, respectively. Fifty days after axotomy,
the aggregated microglia were frequently surrounded by
infiltrated CD3-positive T lymphocytes (Fig. 3E, arrow).
In contrast, no CD3-positive cells were detected in the
facial motor nuclei following axotomy (Fig. 4D,F).

We next examined the expression of MHC 1l
because interactions with T lymphocytes are required for
the induction of MHC II in antigen-presenting cells. As
shown in Figure 4G, immunoreactivity for MHC 1I was
observed in microglia-like cells as well as in perivascular-
like cells in the facial motor nuclei of wild-type mice 14
days after axotomy. In contrast, only MHC Il-positive
perivascular-like cells were observed on the axotomized
side of CS—/— mice (Fig. 4H).

Differential Axotomy-Induced Changes in CS, CB,
and CysC Levels in CS—/— and Wild-Type Mice

We next measured the levels of CS, CB, and CysC,
an endogenous cysteine protease inhibitor, at both the
mRNA and protein levels in the facial motor nuclei of
mice from both groups after axotomy. In wild-type mice,
the mean levels of CS mRNA and CS protein (28-kDa
active form) in the facial motor nucleus significantly
increased after axotomy (Fig. 5A,B,E). Immunoblot anal-
ysis showed that under reducing conditions, using a CB-
specific antibody, there were two mature forms of CB: a
29-kDa single-chain species and a 26-kDa heavy-chain
species. Mean levels of CB mRNA and CB protein
(29-kDa single-chain form) the facial motor nuclei of
wild-type mice were not significantly changed after axot-
omy, whereas those of CS—/— mice significantly
increased after axotomy (Fig. 5A,C,F). In contrast, mean
levels of CysC mRNA and CysC protein (14 kIDa) in the
facial motor nuclei of CS—/— mice were significantly
smaller than those of wild-type mice. After axotomy,
mean levels of CysC mRNA and CysC protein (14 kDa)
in the facial motor nuclei of mice in both groups signifi-
cantly increased (Fig. 5A,D,G).

Localization of CS, CB, and CysC in the Facial
Motor Nucleus after Facial Nerve Transection

Indirect immunofluorescent staining was used to
further elucidate how cellular localization of CS, CB, and
CysC increased after axotomy. It was found that CS local-
ized in activated microglia that spread on the surfaces of
injured motoneurons in wild-type mice (Fig. 6A). In con-
trast, immunoreactivity for CS was barely detectable in
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Fig. 5. Changes in CS, CB, and CysC levels in facial motor nuclei
of CS—/— and wild-type mice 7 days after axotomy. A: Immuno-
blot and RT-PCR analyses of CS, CB, and CysC on control {Co)
and axotomized (Ax) sides of facial motor nuclei of CS—/— and
wild-type mice. B: Mean relative mRINA expression of CS, deter-
mined using expression of GAPDH as an internal control, on Co and
Ax sides (open and solid columns, respectively) of facial motor nuclei
of CS—/— and wild-type mice. C: Mean relative mRINA expression
of CB, determined using expression of GAPDH as an internal con-
trol, on Co and Ax sides (open and solid columns, respectively) of fa-
cial motor nuclei of CS—/— and wild-type mice. D: Mean relative
mRNA expression of CysC, determined using expression of GAPDH
as an internal control, on Co and Ax sides (open and solid columns,
respectively) of facial motor nuclei of CS—/— and wild-type mice.
Each column and bar represents the mean £ SD of three expen-
ments (**significantly different from the value in Co at P < 0.01).
E: Mean level of CS protein, determined using expression of actin as
an internal control, on Co and Ax sides (open and solid columns,
respectively) of facial motor nuclei of CS—/— and wild-type mice.
F: Mean level of CB protein, determined using expression of actin as
an internal control, on Co and Ax sides (open and solid columns,
respectively) of facial motor nuclei of CS—/— and wild-type mice.
G: Mean level of CysC protein, determined using expression of actin
as an internal control, on Co and Ax sides (open and solid columns,
respectively) of facial motor nuclei of CS—/~ and wild-type mice.
Each column and bar represents the mean * SD of three experi-
ments (*P < 0.05 versus value in Co, **P < 0.01 versus value
in Co).

the axotomized facial motor nuclet of CS—/— mice
(Fig. 6B). In contrast, intense immunoreactivity for CB
was observed in the facial motoneurons but not in the
perineuronal microglia of wild-type mice (Fig. 6C). Inter-
estingly, the immunoreactivity for CB markedly increased
in activated microglia abutting injured motoneurons in
CS—/— mice (Fig. 6D). In contrast, immunoreactivity
for CysC increased in activated microglia on the axo-
tomized side of facial motor nuclei from both groups
(Fig. 6E,F).

Decrease in Facial Motoneuron Survival
following Axotomy in CS—/— Mice

Finally, we examined the effects of CS deficiency
on axotomy-induced facial motoneuron death. On days
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Fig. 6. Localization of CS, CB, and CysC in activated microglia that
adhered to injured facial motoneurons 7 days after axotomy. A: Im-
munofluorescent CLSM image of CS (green). Scale bar = 25 pm. B:
Immunofluorescent CLSM image of Ibal (red). C: CLSM image of
F4/80 (green). D: CLSM image of CB (red). Immunoreactivity to
CB was observed in microglia abutting the facial motoneurons of
CS—/— mice but not in the perineuronal microglia of wild-type
mice. E: CLSM image of F4/80 (green). F: CLSM image of CysC
(red). Immunoreactivity to CysC was observed in microglia of both

groups.

4, 7, 30, and 50 after axotomy, we counted the ChAT-
positive facial motoneurons on both the control and axo-
tomized sides of the facial motor nuclei from the mice in
both groups. As shown in Figure 7, the difference
between the two groups was statistically significant (P <
0.05) 30 and 50 days after axotomy. The mean percentage
of ChAT-positive facial motoneurons that survived in
wild-type mice 30 days after axotomy was 79.9% * 2.3%
(2,123 = 65 cells on the control side, 1,697 £ 42 cells on
the axotomized side), and the mean percentage that sur-
vived 50 days after axotomy was 69.7% * 2.2% (2,204 =
61 cells on the control side, 1,536 * 44 cells on the axo-
tomized side). The mean percentage of ChAT-positive
facial motoneurons in CS—/— mice 30 days after axot-
omy was 60.7% £ 3.3% (1,917 £ 46 cells on the control
side, 1,164 £ 39 cells on the axotomized side), and the
mean percentage that survived 50 days after axotomy was
59.7% * 2.6% (2,315 %= 43 cells on the control side,
1,382 % 50 cells on the axotomized side).

DISCUSSION

Impairment of Migration and Transmigration
of Activated Microglia and Monocytic Cells
in CS—/— Mice

Following axotomy, microglia can become activated
and therefore come into direct contact with injured
motoneurons and begin to proliferate without turning
into phagocytes (Ravich et al., 1999; Moran and Graeber,
2004). There 1s increasing evidence that the recruitment
of monocytic cells through the cerebral vasculature and
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Fig. 7. Decrease in facial motoneuron survival following axotomy in
CS—/— mice. A: Immunofluorescent CLSM image of ChAT-posi-
tive facial motoneurons on control (Co) side of wild-type mice. Scale
bar = 150 pm. B: Immunofluorescent CLSM image of ChAT-posi-
tive facial motoneurons on axotomized (Ax) side of wild-type mice.
C: Immunofluorescent CLSM image of ChAT-positive facial moto-
neurons on Co side of CS—/— mice. D: Immunofluorescent CLSM
image of ChAT-positive facial motoneurons on Ax side of CS—/—
mice. E:-Mean cell survival ratio of ChAT-positive facial motoneur-
ons 4, 7, 30, and 50 days after axotomy in CS—/— and wild-type
mice. Each column and bar represents the mean * SD of four
experiments (*significant difference between the 2 groups at P <
0.05). Five serial sections (30 pm thick) stained with ant-ChAT anti-
body were prepared from each group. CLSM images of ChAT-posi-
ttve facial motoneurons in each section were taken as a stack at 1-pm
step size along the z direction with a 20X objective. The number of
ChAT-immunoreactive cells in the facial motor nucleus of each sec-
tion was determined, and the values of all the serial sections of an
entire facial motor nucleus were summed.

the leptomeninges also contributes to the increased num-
ber of microglia (Priller et al., 2001; Bechmann et al,,
2005). In the present study, we found that cellular
responses of microglia to facial nerve axotomy were
markedly impaired in CS—/— mice. The mean number
of activated microglia that accumulated on the axotom-
ized side of facial motor nuclei of CS—/— mice was sig-
nificantly smaller than that on the axotomized side of fa-
ctal motor nucler of wild-type mice. Furthermore, the
activated microglia the accumulated on the axotomized
side of facial motor nuclei of CS—/— mice exhibited
some characteristics similar to those of phagocytic cells.
These observations show that the expression profiles
of CB and CysC on the axotomized side of facial nuclei
of CS—/— mice were quite different from those of wild-
type mice. After axotomy, CB increased as the mature
forms of activated microglia accumulated in the facial
motor nuclei of CS—/— mice, but not in wild-type mice.
CysC also significantly increased in activated microglia
accumulated in the facial motor nuclei of both groups fol-
lowing axotomy. However, the expression of CysC on
both sides of the facial motor nuclei of CS—/— mice was
significantly smaller than that in wild-type mice. CB is
known to increase in stimulated peripheral macrophages
and phagocytic microgha in the CNS. More recently, CB
has been demonstrated to be a major neurotoxic molecule
released from activated microglia (Kingham and Pocock,



