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models. High TEER was observed in the models constructed with pericytes, as
compared with those without pericytes. In addition, endothelial cells in contact with
pericytes (EPO, EPA) showed higher TEER than those out of contact with pericytes
(ECP, EAP).

The paracellular permeability of RBEC monolayers measured by the water soluble
small marker fluorescein was the highest in endothelial mono-cultures, indicating the
leakiest barrier (Fig. 3). The presence of astrocytes or pericytes in either double or
triple co-culture systems significantly decreased the flux of the tracer. In double
co-culture models the in-contact types EAO and EPO showed lower permeability for
Na-F than the non-contact types EOCA and EOP (Fig. 3).

Our results on pericytic induction of BBB properties are in agreement with recent
publications. Rat pericytes could decrease the paracellular permeability and enhance
P-glycoprotein activity in a mouse brain endothelial cell line, MBEC4 (Dohgu et al.
2005). The mRNA expression of MRP6 efflux pump was also up-regulated in bovine
brain endothelial cells by pericytes (Berezowski et al. 2004). Some of the factors
mediating this effect have been identified. The upregulation of BBB properties in
MBEC4 cells was induced by transforming growth factor-f production in pericytes
(Dohgu et al. 2005). Pericyte-derived angiopoietin-1 enhanced occludin gene expression
in a brain endothelial cell line (Hori et al. 2004). Moreover, extracellular matrix from
pericytes improved the tightness of porcine cerebral endothelial cells (Hartmann et al.
2007).

The triple BBB models published earlier used combinations of brain endothelial
cells, astrocytes and neurons. The presence of both astrocytes and neurons decreased
the paracellular permeability of RBE4 immortalized rat brain endothelial cells (Schiera
et al. 2005). In a flow-based in vitro BBB model, the differentiation of serotonergic
neurons was promoted by the endothelial-glial co-culture (Stanness et al. 1999).
Although EPA is not the first BBB model using three cell types, this is the first rat
primary culture-based syngeneic model that uses brain pericytes.

These results clearly confirm that cellular communications play an important role in
inducing and maintaining the barrier function of brain endothelial cells. Brain
endothelial cells without the influence of astrocytes or pericytes showed the weakest
barrier tightness, indicating the loss of BBB properties in culture conditions in the
absence of cellular cross-talk.

100 ¢
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Fig. 3 Transendothelial permeability (Pe) changes for paracellular permeability marker sodium
fluorescein (Na-F) in brain capillary endothelial cell monolayers of in vitro BBB models. Results
(107 cm/s) are presented as means + SEM. n = 4. *P < 0.01 was considered statistically significant
difference in the P, as compared to E00, bp < 0.0l to EOA, and °P < 0.05 to EOP, respectively
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The major finding of the experiments is that brain microvessel pericytes are able to
strengthen the BBB function of endothelial cells, like astrocytes, widely used in BBB
models. Pericytes could induce a tighter barrier than astrocytes. The in-contact models
were tighter than the out-of-contact types, and triple models showed better barrier
properties than double co-cultures. As brain endothelial cells, pericytes and astrocytes,
composing the brain microvasculature, have their own roles at the BBB, the EPA
co-culture system constructed with all three types of cells seems to be a promising new
in vitro BBB model.
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Prion proteins are key molecules in transmissible spongiform
encephalopathies {TSEs), but the precise mechanism of the con-
version from the cellular form (PrP<) to the scrapie form (PrP59) is
still unknown. Here we discovered a chemical chaperone to stabi-
lize the PrP¢ conformation and identified the hot spots to stop the
pathogenic conversion. We conducted in silico screening to find
compounds that fitted into a “pocket” created by residues under-
going the conformational rearrangements between the native and
the sparsely populated high-energy states (PrP*) and that directly
bind to those residues. Forty-four selected compounds were tested in
a TSE-infected cell culture model, among which one, 2-pyrrolidin-1-
yl-N-[4-[4-(2-pyrrolidin-1-yl-acetylamino)-benzyl]-phenyl]-acetamide,
termed GN8, efficiently reduced PrPSc. Subsequently, administra-
tion of GN8 was found to prolong the survivat of TSE-infected mice.
Heteronuclear NMR and computer simulation showed that the
specific binding sites are the A-52 loop (N159) and the region from
helix B (V189, T192, and K194) to B-C loop (E196), indicating that the
intercalation of these distant regions (hot spots) hampers the
pathogenic conversion process. Dynamics-based drug discovery
strategy, demonstrated here focusing on the hot spots of PrP<, will
open the way to the development of novel anti-prion drugs.

anti-prion compound | binding sites | chemical chaperone | dynamics-
based drug discovery | transmissible spongiform encephalopathy

he accumulation of abnormal protease-resistant prion pro-

tein (PrP5¢), a conformational isoform of cellular prion
protein (PrPC), is a key event in the pathogenesis of transmissible
spongiform encephalopathies (TSEs) (1-3), and this host-
encoded PrPC has a crucial role in the development of the
diseases (4, 5). Because details of the mechanism of conversion
from PrPC to PrPSe still remain obscure at this stage, PrPC could
be an appropriate molecular target for the drug treatment of
TSEs (6) for avoiding the problems associated with the strain
differences in PrPS¢ (7). PrPC is a membrane-anchored glycosy-
lated protein and is well conserved in mammals, and its physi-
ological function is currently argued (8). The three-dimensional
structure of recombinant PrPC has been elucidated by NMR
(9-13). Briefly, it contains a globular fold with three a-helices
(A, B, and C) and a small, imperfectly formed gB-sheet (S1
and S2).

The pathogenic conversion process could be related to the
thermal stability or the global conformational fluctuation of
PrP€. Recently, a metastable state of the PrP* was characterized
by using a high-pressure NMR (14), where hydrostatic pressure
was elevated up to 2,500 bar in an on-line high-pressure NMR
cell. The thermodynamical stability profile shows that diverse
residues in helices B and C are less stable, indicating the
formation of the intermediate conformation (PrP*) (14). Sub-
sequently, a Carr-Purcell-Meiboom-Gill relaxation—dispersion
study revealed that slow fluctuation on a time scale of micro-
seconds to milliseconds occurs at the corresponding regions
[supporting information (SI) Fig. 4a], indicating the conforma-
tional rearrangements occurring between the native and the
sparsely populated high-energy states (15, 16). Interestingly,

www.pnas.org/cgi/doi/10.1073/pnas.0702671104

mutations related to familial forms of the prion diseases are
rather concentrated in helices B and C (SI Fig. 4b), and their
distribution is somewhat similar to that of slowly fluctuating
regions. Moreover, those residues form a major cavity (Fig. 1a,
green). Thus, a small substance capable of specifically binding to
those residues could stabilize the PrPC conformation because of
the decrease in the Gibbs free energy of PrPC upon binding (6),
as well as the suppression of the conformational rearrangements
by cross-linking of distant regions. We termed this strategy
dynamics-based drug discovery. Because PrP5¢ is gradually de-
graded in ex vivo experiments (17, 18), such a population shift
toward PrP€ will result in a decrease in PrPS¢ population.

Based on dynamics-based drug discovery, we conducted a
search for chemical compounds that could specifically bind to
the unstable residues. We focused on 14 amino acid residues
(M129, G131, N159, V161, Y162, D178, C179, T183, 1184, L185,
H187, T190, G195, and E196, shown in red with side chain in Fig.
1a), located in the loop between helix A and S2 (A-S2 loop) and
the loop between helices B and C (B-C loop). A virtual ligand
screening program initially picked up 624 chemicals potentially
capable of binding to the pocket (Fig. la, green) with a binding
score better (i.e., less) than —32 (SI Table 1), of 320,000
candidates in a database. We further selected the compounds
that formed hydrogen bonds with at least one of the 14 amino
acids. With careful examination of binding modes, taking into
account Lipinski’s rules (19), we then selected the 59 compounds
showing the lowest predicted binding free energy.

Results

To evaluate the effect of the selected compounds on the
conversion of PrP, we next conducted ex vivo screening. We used
a mouse neuronal cell culture uninfected (GT1-7) and persis-
tently infected with human TSE agent (Fukuoka-1 strain),
designated GT +FK (20). Of the 59 compounds, we tested the 44
that were commercially available (see SI Table 1). Among these,
2-pyrrolidin-1-yl-N-[4-[4-(2-pyrrolidin-1-yl-acetylamino)-
benzyl]-phenyl]-acetamide (compound number 8, molecular
weight 420) (Fig. 1b) was found to significantly inhibit the PrP%
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Fig. 1. In silico and ex vivo screening. (a) Residues undergoing global
fluctuation displayed as a wire frame in red mapped on the mouse PrP¢
structure (residues 124-226) (12), and a binding pocket defined by those
residues, colored green. S1, A, S2, B, and Cindicate S1strand, helix A, S2 strand,
helix B, and helix C, respectively. The image was created by using
PyMol (www.pymol.org). (b) 2-Pyrrolidin-1-yl-N-[4-[4-(2-pyrrolidin-1-yl-
acetylamino)-benzyl}-phenyl]-acetamide, termed GN8. (¢) Western blotting of
PrPS¢in GT+FK cells after treatment with different compounds picked up by
in silico screening. The cells treated with no. 8 compound showed significant
reduction of PrP%, which was better than that with 10 pg/mi pentosan
polysulfate. DM, DMSO at 0.1%; PS, 10 pg/ml pentosan polysulfate. Molecular
masses (37, 25, and 15kDa) are indicated by bars on the right side of the panels.
(d) PrP5< signals in serially diluted mock-treated samples and tested samples
were scanned and quantified. The 1Cso of no. 8 (72-h treatment), as deter-
mined by four repeated experiments, was 1.35 uM. (e) GN8 reduced PrP%¢ also
in 22L-, Ch-, and BSE-infected cells. CR, Congo red at 10 pg/mi; PK, proteinase
K digestion. (f) Kaplan-Meier’s survival curves of FK-infected mice adminis-
tered GN8 by intraventricutar infusion. The control group (n = 6) was killed
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production in the GT+FK at 10 uM (Fig. 1c). The other
compounds either had little effect even at a higher dose (ICsp >
100 pM) or were highly toxic to the cells at 1 uM. The effect of
the compound (now designated GN8) was dose-dependent (Fig.
1d), and by repeating the experiment we established that the
effective concentration for 50% reduction of PrP5¢ (ICsq) over
72 h was =~1.35 uM. The normal PrP¢ expression in uninfected
cells was unaffected. A similar effect was confirmed by using
other scrapie-infected GT cells (GT+22L and GT+Ch) (20),
and also by using GT+BSE cells stably infected with mouse-
adapted bovine spongiform encephalopathy (BSE) (Fig. le).
This confirms that the action of GN8 is not strain-specific. To see
the effect of GN8 in vivo, mice inoculated with 20 ul of 10% FK-1
mouse brain homogenate were given the compound at a dose of
250 pg/kg per day by intraventricular infusion using osmotic
pumps (Alzet Durect, Cupertino, CA) during 42-70 days post-
inoculation (d.p.i.) or 70-98 d.p.i. Although the vehicle-only
control (5% glucose/saline) showed that the average survival
time was 123.8 = 7.4 (n = 6), as expected, the GN8-treated mice
showed slightly but significantly prolonged survival even after
the appearance of clinical signs [132.3 + 9.2 days (n = 7) in the
42-70 d.p.i. group and 141.5 % 18.8 days (n = 6) in the 70-98
d.p.i. group; P < 0.05], as shown in Fig. 1f. The effect on the
survival of infected mice is limited here because of the transient
administration of GN8.

The mice administrated subcutaneously with GNS8 at a dose of
8.9 mg/kg per day using infusion pumps survived longer than
control mice. Whereas the control [5% glucose/saline (63-120
d.p.i. group)] showed that the average survival time was 133.0
4.9 days (n = 9), the GN8-treated mice showed slightly but
significantly prolonged survival [148.6 = 10.3 days (n = 8) in the
67-95 d.p.i. group and 151.4 * 15.3 days (n = 10) in the 67-123
d.p.i. group; P < 0.01], as shown in Fig. 1g. Pharmacological
analysis using labeled GN8 is currently going on. On the other
hand, pentosan polysulfate was not effective at all on the survival
time when given peripherally (data not shown). Thus, GN8 could
be a potential lead compound for prion diseases.

Binding of GN8 to PrP® was confirmed by the surface plasmon
resonance (21), and its dissociation constant was estimated to be
3.9 = 0.2 X 10~ M from the Scatchard plot (Fig. 2a; see also SI
Fig. 5 and SI Methods). To identify the putative sites for
interaction of GN8 with PrP, we analyzed the chemical shift
perturbation of "H-PN heteronuclear single quantum coherence
NMR spectra (22) of a uniformly PN-labeled PrP. A comparison
of the spectra revealed that three cross peaks (corresponding to
V189, K194, and E196) shifted significantly upon the addition of
GNB8 (Fig. 2b), apparently in a fast-exchange mode. The GN8
concentration did not appear to significantly affect line broad-
ening. Most of the perturbed residues were located in the S2-A
loop, the B-helix, or the B-C loop regions, indicating the specific
binding between GN8 and PrP¢ (Fig. 2c). Fig. 2d shows the
markedly perturbed residues mapped onto a three-dimensional
PrP model.

To investigate whether GN8 indeed stabilizes the PrPC con-
formation, we measured the thermal stability using CD. The
thermal unfolding curves of recombinant mouse PrP, monitored
by the molar ellipticity at 222 nm, representing the helical
content of PrP and the overall unfolding behavior with (red) or
without (blue) GN8, were compared quantitatively (Fig. 2e and

at 123.8 = 7.4 days (black line). Average survival time of GN8-treated mice was
132.3 + 9.2 days (42-70 d.p.i. group, n = 7, red line) and 141.5 * 18.8 days
(70-98 d.p.i. group, n = 6, green line). (g) Kaplan-Meier’s survival curves of
FK-infected mice administered GN8 subcutaneously. The control group (n = 9)
was killed at 133.0 * 4.9 days (black line). Average survival time of GN8-
treated mice was 148.6 = 10.3 days (67-95 d.p.i. group, n = 8, red line} and
151.4 * 15.3 days (67-123 d.p.i. group, n = 10, green line).
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Fig. 2. Interaction of an anti-prion compound, GN8, and a recombinant
mouse PrPC. (a) Scatchard plot (Req vs. Req/C, where Req and C are the
equilibrium response of SPR and the concentration of GN8, respectively) of the
specific binding of GN8 with the PrP obtained by a surface plasmon resonance
sensorgram. From the slope of the line, Kg was estimated to be 3.9 uM. (Details
are shown in S Fig. 5 and S/ Methods.) (b) An overlay of the TH-15N hetero-
nuclear single quantum coherence NMR spectra of PrP in the absence and
presence of GN8. Blue contours show the spectrum of PrPC without GN8, and
red contours show the spectrum in the presence of 1.0 mM GN8 at pH 4.5. ()
Plot of the weighted averages of the 'H and SN chemical shift changes,
calculated by using the function A8 = [(A&i)2 + 0.17(A815n)?]'? against the
residue number. The absence of bars in the plot indicates unassigned residues,
proline residues, or unmeasured shifts due to resonance overlaps. Perturbed
residues with A values of >0.9 ppm are shown in red, and those with 0.9 >
A8 > 0.5 ppm are in orange. (d) Mapping of the perturbed residues on the
structure of mPrP(121-231) (PDB entry 1AG2). The perturbed residues with A8
values of >0.9 ppm are shown in red, and those with 0.9 > A8 > 0.5 ppm are
in orange. Binding pocket is overlaid in green. S1, A, 2, B, and C indicate 51
strand, helix A, S2 strand, helix B, and helix C, respectively. The image was
created by using PyMol. (e) Thermal unfolding profiles of recombinant mouse
PrP (amino acids 23-231, S uM) without (blue) or with (red) GN8 (10 uM). CD
intensities of PrP in the presence of GN8 were normalized to those of PrP
without GN8, and fitted curves (see S/ Methods) are also shown. Binding with
GNB8 stabilizes the conformation of PrP<. (Inset) The difference in extinction
coefficients at 222 nm of PrP without GN8 and those in the presence of GN8,
as a function of temperature.

SI Methods). Parameter sets obtained by a nonlinear fit, te,
melting temperature (Ty,) and enthalpy change (AH), without
GN8 were 65.3 = 0.4°C and 35.0 = 1.9 kcal/mol, respectively,
whereas those with GN8 were 67.7 = 0.6°C and 41.8 + 2.2
kcal/mol, respectively. This indicates that the binding of GN8
stabilizes the PrP® conformation significantly. Intriguingly, the
accumulation of the intermediate was demonstrated by an early
increase in ellipticity at =40°C before the global unfolding as
shown in Fig. 2 Inset. However, this is strongly suppressed in the
presence of GN8. Thus, GN8 suppressed the production of both
PrPS¢ (Fig. 1 c-¢) and PrPY (thermally unfolded state) (Fig. 2e)
by reducing the intermediate population (14).
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Fig. 3. Inhibitory mechanism of GN8 for pathogenic conversion. (a) Stereo-
view of the optimized complex structure of the GN8 and mouse PrP<, with
putative hydrogen bonds, calculated by using ICM version 3.0. Presumed
hydrogen bonds between GN8 (green) and E196 (red) and between GN8
{green) and N159 (blue) are shown in orange (dotted lines). The images were
created with VMD (52). (b) lllustration of the Gibbs free energy as a function
of the conformational space to explain the inhibitory mechanism of a chemical
chaperone, GN8. GN8 stabilizes the PrP¢ conformation and reduces the pop-
ulation of PrP*, PrP%, and PrPY. PrP* may not interact with GN8, because the
specific conformation around the binding sites would be lost (14). Thus, the
free energy level of PrP*, PrPY, and PrP5< would not change much in the pres-
ence of GN8.

Discussion

The structure of the PrPC-GN8 complex was further analyzed by
computer simulation using the refined energy minimization
procedure with flexible receptor side chain. GN8 (Fig. 3a)
connected distant residues, N159 (A-S2 loop) and E196 (B-C
loop), by hydrogen bonds. The regions with the significant
chemical shift changes described above (Fig. 2d) were in good
agreement with the binding regions of GN8 in the simulated
structure of the prion-GN8 complex (Fig. 3a). Intriguingly, K194
at the C terminus of the helix B and E196 in the B-C loop
undergo slow exchange dynamics (16) (SI Fig. 4b). Indeed, the
mutation E196K causes a rapidly progressive dementia and
ataxia (23) and could be expected to greatly reduce the protein
stability because of the elimination of salt bridges between E196,
R156, and K194 (23).

Intercalation of these two binding regions (A-S2 loop and B-C
loop) may be essential to stabilize the PrPC conformation. For
example, two representative binding sites, N159 andoE196, are
close together (distance between C, atoms ~ 15.4 A) in PrPC .
structure (12), but in the hypothetical PrPS¢ structure (24) they
are considerably more distant (distance between C, atoms =~
45.2 A). Because GN8 connects distant regions (N159 and E196)
in the PrP sequence (36 aa) by hydrogen bonds, large confor-
mational shift may be significantly prohibited, and thus inter-
mediate (PrP*) and further PrPS¢ or PrPY formation may be also
blocked.

Matsuda ef al. (25) reported about the chemical chaperone
therapy for GM1-gangliosidosis, but there has been no direct
evidence for such a mechanism working on the anti-prion com-
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pounds. Experimental evidences presented here fully support the
concept that GN8 acts as a chemical chaperone to stabilize the
normal prion protein (PrP) conformation. As illustrated in Fig. 3,
free energy of PrPC~GN8 complex is significantly less than that of
PrP€, so the populations of the transition state, PrP*, PrPY, and
PrPS¢ may be reduced accordingly.

Over the past 10 years there have been various efforts to find
out small compounds to reduce PrPS¢ population. These include
porphyrins (26, 27), Congo red and its derivatives (28-30),
acridine and phenothiazine derivatives (17, 31, 32), heparan
sulfate (33), aminoglycan, and polyamines (34, 35). Simulta-
neously, various technological developments have been reported
including structure-based drug design (36) followed by the
structure—activity relationship study (37), small interfering RNA
(38), library screening (18), high-throughput screening (39),
chimeric ligand approach (40), and so on. Although strategies for
drug discovery used in these studies have a broad spectrum from
empirical to rational preponderance, there has been no report on
the residue-specific evidences for the binding regions of anti-
prion compounds. For instance, the effect of BF-168 depends on
the strains (41), suggesting that BF-168 may not interact with
PrPC but with PrP5¢ in a strain-dependent manner, but this is still
indirect evidence.

The structure of GN8 somewhat resembles a number of other
small PrP5¢ inhibitors, such as the Congo red, which is able to
interact with the N-terminal domain of PrP® (42). However, we
could not find out any evidence for the interaction between GN8§
and the N-terminal domain. The inhibitory mechanism of GN8
and that of Congo red seem to be quite different because of the
following reasons: ({) Congo red has two sulfonates on the edge
of the molecule, but GN8 does not have negative charge. Thus,
GN8 may not strongly interact with His+ at the octapeptide
repeats of the N-terminal domain. (i) Although Congo red can
cause aggregation of recombinant PrP¢ (42), GN8 never causes
aggregation even at a relatively high concentration (~0.03 mM)
in NMR tube. (iif) Chemical shift changes caused by binding with
GNB8 are not significant at the N-terminal half region as shown
in Fig. 2¢. (iv) SPR affinity profile between GN8 and the
C-terminal half of PrP€(120-230) and that between GN8 and the
full-length PrP¢(23-231) were quite similar, and the calculated
dissociation constants were also close (=5 uM), supporting our
conclusion that the major binding regions of GN8 locate at the
C-terminal domain. On the other hand, the interaction sites of
GNS8 with the GPI-anchored PrP¢ on the cell surface could be
different from those with the free PrPC. However, a carboxy-
methyl moiety on the SPR sensor chip has a negative charge like
a phosphate moiety on the cell membrane. Because electrostatic
environments surrounding GN8 and prion on these surfaces are
similar, GN8 may also interact with the C-terminal domain of the
GPI-anchored PrPC.

We found here the effective anti-prion compound GN8, which
specifically binds with the hot spots undergoing the slow fluc-
tuation on the time scale of microseconds to milliseconds and
exclusively interferes with the pathogenic conversion. According
to the dynamics-based drug discovery strategy, we found >20
compounds with any anti-prion activity, and the hit rate is ~10%
at present (data not shown). However, no compound has been
more effective than GN8. For instance, we found a compound,
GN4 (see SI Table 1), whose structure is quite similar to GNS,
but the computer simulation suggested that the binding sites are
R156 and N159, which are quite close (2 aa). Thus, GN4 is
expected to have less inhibitory effect on the global fluctuation
of PrP€, and indeed ICso of GN4 was >100 uM (data not shown).

To potentially become of any use clinically, GN8 will need to
clear many pharmacological hurdles; however, our basic principle
presented here constitutes a promising strategy with which to
approach the discovery of therapeutic compounds for TSE. Addi-
tionally, application of the dynamics-based drug discovery ap-
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proach, based on the experimentally identified hot spot (43), vﬁll
make the mass screening of chemical compounds more efficient,
especially for diseases related to protein misfolding (44).

Materials and Methods

Virtual Ligand Screening. We performed in silico screening of
ligands on 320,000 compounds in the Available Chemicals
Directory (MDL Information Systems, San Leandro, CA) for
specific binding to mouse PrP¢ (12). Residues with the exchange
time constant, 7, between two sites of >10 ms are displayed in
SI Fig. 4a (16). The software used was ICM version 3.0 (Molsoft,
LaJolla, CA). The program, by global optimization of the entire
flexible ligand in the receptor (mouse PrPC) field (45), came up
with 624 candidates potentially capable of binding to the pocket
with a binding score better (i.e., less) than —32, which roughly
corresponds to binding energy (kcal/mol). Then, a more refined
energy-minimization procedure using a flexible receptor side
chain was conducted and further selected the compounds that
formed hydrogen bonds with at least one of the 14 amino acids.

Chemical Compounds. Chemical compounds selected from our
virtual ligand screening simulation were purchased from Aldrich
Chemical Company (Milwaukee, WI), G & J Research Chem-
icals (Devon, U.K.), Wako Pure Chemical (Osaka, Japan),
Interchim (Montlucon, France), Labotest (Niederschoena, Ger-
many), Florida Center for Heterocyclic Compounds (Gaines-
ville, FL), ChemBridge (San Diego, CA), Maybridge Chemical
Company (Cornwall, UK.), TimTec (Newark, NJ), Ambinter
(Paris, France), Oak Samples (Kier, U.K.), Scientific Exchange
(Center Ossipee, NH), ChemStar (Moscow, Russia), ChemDiv
(San Diego, CA), and AsInEx (Moscow, Russia), or kindly
provided by the Drug Synthesis and Chemistry Branch, Devel-
opmental Therapeutic Program, Division of Cancer Treatments
and Diagnosis, National Cancer Institute. Detailed information
on the sources for all of the compounds is shown in SI Table 1.
The compounds were dissolved with DMSO for the in vitro
screening and with distilled water for the spectral measurements.
GN8 hydrochloride salt was prepared for in vivo test as follows:
GNB8 was first dissolved with dioxane and added to 3 N HCl in
dioxane. The solvent was evaporated in vacuo, and the residue
was recrystallized from acetone to give the hydrochloride salt of
GN8. GN8 hydrochloride salt (2-pyrrolidin-1-yl-N-[4-[4-(2-
pyrrolidin-1-yl-acetylamino)-benzyl]-phenyl}-acetamide dihy-
drochloride); white solid; anal. calcd. for CosH3aClbN4O2: C,
60.85; H, 6.94; C1,14.37; N, 11.35; O, 6.48. %Found: C, 60.83; H,
6.95; N, 11.35.

Recombinant Mouse PrP. The DNA of mouse PrP(23-231) was
amplified by PCR and cloned into the expression vector pET101/
D-TOPO (Invitrogen, Carlsbad, CA). As shown in SI Methods, the
N-labeled recombinant PrP for NMR measurements was ex-
pressed in Escherichia coli strain BL21 Star (DE3) (Invitrogen),
grown in SN-labeled minimum medium Spectra9 (Spectra Gases,
Branchburg, NJ), and purified by a Ni-chelating affinity chroma-
tography method (46). Oxidization and refolding of the purified
protein (47) were performed in buffer containing 4 M urea at pH
8. A recombinant PrP sample for the surface plasmon resonance
sensorgram experiment was obtained by a similar procedure using
a non-isotope-labeled LB medium instead of the Spectra9.

Cell Culture and Antibodies. The immortalized mouse neuronal cell
line GT1-7 was cultured as described (20). GT1-7 cells stably
infected with Fukuoka-1, 22L, or Chandler/RML (designated
GT+FK, GT+22L, or GT+Ch, respectively) were maintained for
more than a year in our laboratory. GT+BSE cells were infected ex
vivo in our laboratory with mouse-adapted BSE agent (a kind gift
from T. Yokoyama, National Institute of Animal Health, Tsukuba,
Japan). Stock solutions of compounds were prepared fresh in 100%
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DMSO at 100 mM and stored at 4°C. Before use, compounds were
diluted with medium as indicated. Control cells were treated with
medium containing solvent alone (0.1%). Approximately 2 X 10°
cells were plated in each well of a six-well plate, and drug treatment
was started 15 h later. After 72 h of incubation, cells were lysed in
150 pl of 1x Triton X-100/DOC lysis buffer (48), and samples
normalized to 2 mg of protein per milliliter. Western blotting for
PrPSc was done as described previously (48). Anti-mouse PrP
antisera (SS28) (49) and SAF32 antibody (SPI-BIO, Montigny le
Bretonneux, France) were used for PrP5 and PrP¢, respectively, as
the primary antibody. The signals were visualized by ECL-plus
(Amersham, Buckinghamshire, U.K.) and scanned by using Fluor-
Chem (Alpha Innotech, San Leandro, CA).

NMR Measurements and Data Analysis. For NMR measurements,
0.6 mg/ml 5N-uniformly labeled mouse PrP(23-231) was pre-
pared in 30 mM acetate-d; buffer (pH 4.5) containing 1 mM
NaNs, 4.5 uM 4-(2-aminoethyl)-benzenesulfonyl fluoride hydro-
chioride, 20 uM EDTA, 0.4 uM Bestatin, 0.06 uM pepstatin,
0.06 pM E-64, and 1 nM sodium 2,2-dimethyl-2-silapentane-5-
sulfonate dissolved in 90% H,0/10% D,0. NMR spectra were
recorded at 20.0°C on an Avance600 spectrometer (Bruker,
Rheinstetten, Germany) at Gifu University. The spectrometer
operates at 'H frequency of 600.13 MHz and 15N frequency of
60.81 MHz. A 5-mm 'H inverse detection probe with triple-axis
gradient coils was used for all measurements. 'H-'"N hetero-
nuclear single quantum coherence spectra were acquired with
2,048 complex points covering 9,600 Hz for 'H and 256 complex
points covering 1,200 Hz for 'SN. NMR data were processed by
using the XWIN-NMR software package (Bruker) and Sparky
(50). Resonance frequencies in these spectra were identified by
using the chemical shift lists on mouse PrP(23-231) and PrP
(121-231) (51). For the chemical shift perturbation experiments,
aliquots of 2.5 ul of 0, 10, or 100 mM GN8 solutions in DMSO-dg
were added to 0.6 mg/ml 1SN PrP(23-231) in a 5-mm-diameter
Shigemi microtube; the final concentration of GN8is 0, 1, and
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10 mM, respectively. The backbone 'H and >N chemical shifts
for the GN8-bound protein were assigned by tracing the corre-
sponding peaks in "H-'>N heteronuclear single quantum coher-
ence spectra measured at various concentrations of GN8.

Preparation of GN8 for Injection and in Vivo Test. The GN8 hydro-
chloride salt was dissolved in saline with 5% glucose and
sterilized by passing through a 0.2-um filter. The concentration
of the stock solution was adjusted to 10 mg/ml and kept at 4°C
until use. Ten percent FK-infected brain homogenate was inoc-
ulated into right temporal lobes of 4-week-old male mice (ddY),
followed by intraventricular infusion of GN8 using an osmotic
pump. Six or 10 weeks after inoculation, an osmotic pump was
inserted subcutaneously and the infusion cannula was implanted
into the right ventricle. The pump was filled with GN8 (1.4
mg/ml) or saline with 5% glucose. In a parallel experiment,
pentosan polysulfate (Bene, Munich, Germany) was adminis-
tered at 200 ug/kg per day by intraventricular or i.p. infusion. All
mice were carefully examined daily for neurological signs, and
the incubation period was monitored. Survival data were statis-
tically evaluated according to Kaplan-Meier’s method using
StatMatelll (ATMS, Tokyo, Japan).

In case of subcutaneous infusion of GN8, the concentration of
the stock solution was adjusted to 50 mg/ml. One percent
FK-infected brain homogenate was inoculated in the same way,
and an osmotic pump including GN8 was inserted subcutane-
ously at 9 weeks after inoculation.
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SUMMARY

1. The present study was designed to clarify whether brain pericytes and pericyte-
derived transforming growth factor-gl (TGF-g1) participate in cyclosporin A (CsA)-
induced dysfunction of the blood-brain barrier (BBB).

2. The presence of brain pericytes markedly aggravated CsA-increased permeability
of MBECH4 cells to sodium fluorescein and accumulation of rhodamine 123 in MBEC4 cells.

3. Exposure to CsA significantly decreased the levels of TGF-g1 mRNA in brain per-
icytes in pericyte co-cultures. Treatment with TGF-81 dose-dependently inhibited CsA-
induced hyperpermeability and P-glycoprotein dysfunction of MBEC4 cells in pericyte co-
cultures.

4. These findings suggest that an inhibition of brain pericyte-derived TGF-$1 con-
tributes to the occurrence of CsA-induced dysfunction of the BBB.

KEY WORDS: Cyclosporin A; brain pericytes; transforming growth factor-g; blood-brain
barrier; permeability; P-glycoprotein; mouse brain endothelial cells.

INTRODUCTION

Cyclosporin A (CsA), a cyclic 11-amino acid peptide, is widely used as a po-
tent immunosuppressant to prevent allograft rejection in solid organ transplanta-
tion and in fatal graft-versus-host disease after bone marrow transplantation; it
is also used to treat various autoimmune diseases including rheumatoid arthritis
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(Kahan, 1989). Despite its high efficacy, CsA has adverse effects including nephro-
toxicity, cardiovascular disorders, gastrointestinal disorders and neurotoxicity.
CsA-associated neurotoxicity occurs with a relatively high frequency (20-40%) in
organ-transplanted patients with high blood drug levels or within the therapeutic
range (The U.S. Multicenter FK506 Liver Study Group, 1994; Pirsch et al., 1997;
Gijtenbeek et al., 1999). However, the mechanism of CsA-induced neurotoxicity re-
mains obscure.

The entry of CsA into the brain is usually prevented by the tight junctions
and P-glycoprotein (P-gp), a multi-drug efflux pump, of brain microvascular en-
dothelial cells. But CsA-associated neurotoxicity, including tremors, seizures and
encephalopathy, strongly suggests the possibility that CsA is transported across
the blood-brain barrier (BBB). We previously reported that CsA produced con-
vulsions by inhibiting y-aminobutyric acid (GABA)ergic neural activity and the
binding properties of the GABA, receptor (Shuto ef al., 1999). The inhibition of
GABAergic neurotransmission by CsA may lead to an activation of serotoner-
gic neural activity and, consequently, produce tremors (Shuto et al., 1998). These
in vivo findings are considered to be due to a direct action of CsA transported
across the BBB rather than an indirect effect of CsA in the periphery. Indeed,
we previously demonstrated that a high concentration of CsA decreased the func-
tion and expression of P-gp in brain capillary endothelial cells (Kochi et al., 1999,
2000). The BBB is primarily formed from these cells, which are closely sealed by
tight junctions (Pardridge, 1999). P-gp is abundantly expressed in brain endothe-
lial cells and limits the accumulation of many hydrophobic molecules and toxic
substances in the brain (Schinkel, 1999). Brain capillary endothelial cells are sur-
rounded by two other cellular components of the BBB, astrocytes and brain peri-
cytes. We also previously reported that the presence of astrocytes markedly aggra-
vated CsA-induced hyperpermeability of, and P-gp dysfunction in, MBEC4 cells,
through the acceleration of NO production (Dohgu et al., 2004a). Brain pericytes
are important for the growth and migration of endothelial cells and the integrity
of microvascular capillaries (Thomas, 1999; Ramsauer et al., 2002). Brain capillary
endothelial cells communicate closely with brain pericytes to maintain the BBB
(Hori et al., 2004; Dohgu et al., 2005). Transforming growth factor-g (TGF-B) is
a cytokine produced by pericytes (Antonelli-Orlidge et al., 1989). We previously
reported that brain pericytes contribute to the up-regulation of barrier function
and P-gp activity in brain endothelial cells through production of TGF-g1 (Dohgu
et al., 2005).

The present study was designed to clarify whether brain pericytes and
pericyte-derived TGF-g8 participate in CsA-induced dysfunction of the BBB. We
first evaluated the effect of CsA on the permeability of, and P-gp function in,
mouse brain capillary endothelial (MBEC4) cells, either alone or co-cultured
with human brain pericytes. Next, the effect of CsA on TGF-81 mRNA expres-
sion in brain pericytes and the effect of TGF-81 on CsA-decreased BBB func-
tion were examined in a co-culture system containing MBEC4 cells and brain
pericytes.
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MATERIALS AND METHODS

Materials

CsA was kindly supplied by Novartis Pharma (Basel, Switzerland). Sodium flu-
orescein (Na-F, MW 376), rhodamine 123 and human TGF-81 were purchased from
Sigma (St. Louis, MO). Culture medium and subculture reagents were obtained
from Invitrogen (Carlsbad, CA). All remaining reagents of analytical grade were
purchased from Wako (Osaka, Japan).

Cell Culture

MBECH4 cells, isolated from BALB/c mouse brain cortices and immortal-
ized by SV40-transformation (Tatsuta et al., 1992), were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum,
100 units/mL penicillin and 100 pg/mL streptomycin. Human brain pericytes (CS-
ABI-499, Cell Systems Corporation, Kirkland, WA) were cultured in CS-C Com-
plete Medium Kit (Cell Systems Corporation). They were grown in a humidified
atmosphere of 5% CO,/95% air at 37°C. To make an in vitro BBB model, brain per-
icytes (20,000 cells/cm?) were first cultured in the wells of a 12-well culture plate. Af-
ter 2 days, MBECH4 cells (42,000 cells/cm?) were seeded on the inside of the collagen-
coated polycarbonate membrane (1.0 cm?, 3.0 um pore size) of a Transwell®-Clear
insert (12-well type, Costar, MA) placed in the plate containing layers of brain per-
icytes (pericyte co-culture). A monolayer system was also generated with MBEC4
cells alone (MBEC4 monolayer).

Cell viability was assessed using a WST-8 assay (Cell Counting Kit, DOJINDO,
Kumamoto, Japan). The absorbance of a highly water-soluble formazan dye (WST-
8), reduced by mitochondrial dehydrogenase, was measured in each sample at wave-
lengths of 450-nm (test wavelength) and 700-nm (reference wavelength).

Treatment with CsA and TGF-£1

TGF-g1 was dissolved in 4 mM HCI containing 1 mg/mL of bovine serum
albumin; CsA was dissolved in ethanol. Each original solution was then di-
luted with serum-free medium. The final concentrations in the test media were
4 uM HCl/1 pg/mL bovine serum albumin or 0.1% ethanol. MBEC4 cells were cul-
tured for 3 days, and the inserts were washed three times with serum-free medium.
Cells were then exposed for 1-12 h to 5 uM of CsA injected into the inside of the
insert (luminal side). Alternatively, TGF-81 (0.01-1 ng/mL) was loaded on the lu-
minal side. In parallel, cells were treated with serum-free medium containing the
corresponding amount of ethanol and/or HCl and bovine serum albumin as the
vehicle.

Transcellular Transport of Na-F

To initiate the transport experiments, the medium was removed and MBEC4
cells were washed three times with Krebs—Ringer buffer (118 mM NaCl, 4.7 mM
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KCl, 1.3 mM CaCl,, 1.2 mM MgCl,, 1.0 mM NaH;POy4, 25 mM NaHCOj3, and
11 mM D-glucose, pH 7.4). Krebs—Ringer buffer (1.5 mL.) was added to the outside
of the insert (abluminal side). Krebs-Ringer buffer (0.5 mL) containing 100 wg/mL
of Na-F was loaded on the luminal side of the insert. Samples (0.5 mL) were re-
moved from the abluminal chamber at 10, 20, 30 and 60 min and immediately re-
placed with fresh Krebs—Ringer buffer. Aliquots (5 pL) of the abluminal medium
were mixed with 200 uL of Krebs-Ringer buffer and the concentration of Na-F
was determined using a fluorescence multiwell plate reader (Ex(1) 485 nm; Em())
530 nm) (CytoFluor Series 4000, PerSeptive Biosystems, Framingham, MA). The
permeability coefficient and clearance were calculated according to the method de-
scribed by Dehouck et al. (1992). Clearance was expressed as microliters (uL) of
tracer diffusing from the luminal to abluminal chamber and was calculated from
the initial concentration of tracer in the luminal chamber and final concentration in
the abluminal chamber: clearance (uL) = [C]a x Va/[C]L where [C]y. is the initial
Iuminal tracer concentration, [C]4 is the abluminal tracer concentration and V, is
the volume of the abluminal chamber. During the 60-min period of the experiment,
the clearance volume increased linearly with time. The average volume cleared was
plotted against time, and the slope was estimated by linear regression analysis. The
slope of clearance curves for the MBEC4 monolayer or co-culture systems was de-
noted by PS,p, where PS is the permeability—surface area product (in xL/min). The
slope of the clearance curve with a control membrane was denoted by PSmembrane-
The real PS value for the MBEC4 monolayer and the co-culture system (PS;;.ns) Was
calculated as 1/PS,pp = 1/PSmembrane + 1/PSirans. The PSyans values were divided
by the surface area of the Transwell inserts to generate the permeability coefficient
(Ptrans, in cm/min).

Functional Activity of P-gp

The functional activity of P-gp was determined by measuring the cellular ac-
cumulation of rhodamine 123 (Sigma) according to the method of Fontaine et al.
(1996). MBECH4 cells were washed three times with assay buffer (143 mM NaCl,
4.7 mM KCl, 1.3 mM CaCl,, 1.2 mM MgCl,, 1.0 mM NaH,PO,4, 10 mM HEPES,
and 11 mM D-glucose, pH 7.4), and then incubated in 0.5 mL of assay buffer con-
taining 5 uM rhodamine 123 for 60 min. The solution was then removed and the cells
were washed three times with ice-cold phosphate-buffered saline and solubilized in
1 M NaOH (0.2 mL). The solution was neutralized with 1 M HCI (0.2 mL) and the
rhodamine 123 content was determined using a fluorescence multiwell plate reader
(Ex(2) 485 nm; Em(1) 530 nm, CytoFluor Series 4000). Protein concentration was
measured by the method of Bradford (Bradford, 1976).

Expression of TGF-f1 Receptor mRNA in MBEC4 Cells and Human Brain
Pericytes

Reverse-transcription polymerase chain reaction (RT-PCR) was employed
to determine the level of mRNA expression for TGF-81 receptor I and II in
MBEC4 cells and brain pericytes. Total RNA was extracted from cultured cells
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using TRIzol™ reagent (Invitrogen, Carlsbad, CA) and 1 ug of RNA was reverse-
transcribed and amplified by PCR using a SuperScript One-Step RT-PCR sys-
tem (Invitrogen). Amplification was performed in a DNA thermal cycler (PC707;
ASTEC, Fukuoka, Japan). The primers used and PCR conditions are summarized
in Table I. Ten microliters of each PCR product was analyzed by electrophoresis on
a 2% agarose (Sigma) gel with ethidium bromide staining. Gels were visualized on
a UV light transilluminator and photographed using a DC290 Zoom digital camera
(Kodak, Rochester, New York).

Relative Quantitation of TGF-1 mRNA by Real-Time RT-PCR

Real-time RT-PCR was employed to determine the level of TGF-1 gene ex-
pression in brain pericytes with CsA-treated pericyte co-culture. Total RNA was
extracted from brain pericytes using TRIzol™ reagent (Invitrogen) and 2 ug RNA
was reverse-transcribed using a SuperScript™ III First-Strand Synthesis System
(Invitrogen) in a total volume of 20 uL, according to the manufacturer’s protocol.

Real-time PCR was conducted on an Mx3000P™ Multiplex Quantitative PCR
System (Stratagene, La Jolla, CA) with 2 uL of reverse-transcription product,
Brilliant™ SYBR® Green QPCR Master Mix (Stratagene), primers at 150 nM
and reference dye, in a total volume of 50 uL as per the manufacturer’s pro-
tocol. The following PCR conditions were employed: 95°C for 10 min, followed
by cycles of 95°C for 30 s, 54°C for 60 s and 72°C for 90 s. The sequences of
primers were as follows: sense primer 5-CCCTGGACACCAACTATTG-3' and
antisense primer 5-CCGGGTTATGCTGGTTGTA-3 for TGF-81 (Untergasser
et al., 2005); sense primer 5-GAGTCAACGGATTTGGTCGT-3' and antisense
primer 5-TTGATTTTGGAGGGATCTCG-3 for glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH; GenBank Accession Number, M33197). After amplifica-
tion, a melting curve was obtained by heating at 55°C and fluorescence data were
collected at 0.2°C/s.

Relative quantitative analysis was performed employing Mx3000P™ Multi-
plex Quantitative PCR System software (Stratagene). We used the expression of
GAPDH to normalize the expression data for the TGF-81 gene. For a comparative
analysis, values from vehicle treated brain pericytes were arbitrarily set as 1. Each
sample was analyzed in triplicate.

Statistical Analysis

Values are expressed as means & SEM. Statistical analysis was performed us-
ing Student’s i-test. One-way and two-way analyses of variance (ANOVAs) fol-
lowed by Tukey-Kramer’s tests or Dunnett tests were applied to multiple com-
parisons. The differences between means were considered to be significant when
P values were less than 0.05.

RESULTS

To obtain molecular evidence for the expression of TGF-g receptor I and II in
MBEC4 cells and human brain pericytes, RT-PCR was carried out with a primer



Takata et al.

322

S 0€ 103 DoTL A DVIOOLIDLVDOVIDVVHVOD- G ssussiuy (£vL0T9 ‘19qUINN
‘S € 10] DobS ‘S 0€ 10J Dob6 ¢81 £-VOOVVOVOLOIDDVODLLLI- S 9SUdg  UOISSandy YUeguan) uewiny
S 0€ 103 DoTL £-D1ODVDIDIODIDOVVVIILDL-S ssusspnuy
‘s OE 10J DoLS ‘S 0E 10} Dobb 09¢ £ VIVVOVVOVVYODVODLOLOD- S 3suss (0007 7072 ePIydeN) 9snOW 11 ¥ §-4D0L
S Q€103 DoTL A" LLIOVOLVOLOOVIDODOVVYD-S asussiuy ($69T17 “TequInN
‘s 0€ 10] Do¥S ‘S 0F 103 Dob6 444 £DIDLOLLIDDIOIDOOHDLYD- S 9SUS  UOISSIOY JUBGUSD) Ueny
S 0€ 10 DoTL £ VDVVIVIODVVOVILYDDLYD)D- S dsuasnuy
‘s 0€ 10] DoLS ‘S OF 103 Dob6 yZ8 £-1DD0DDLVOVIDOVILYIDLY-S osudS (000 “1v 12 BPIYoRIN) 3snoN [ ¥ §-4DL
‘suonpuod uoneoydwy (dq) 1onpoig aouanbag (eoua10301) 201N0g ElikTsy)

suonpuo)) uonesydwry pue sfessy YO J-1 ¥ Ul Pas() $2qo1d Jo saouanbog apnospnN I dqeL



Cyclosporin A and Transforming Growth Factor-5 in Brain Pericytes 323

pair specific to each type of TGF-8 receptor, from either mouse (for use on MBEC4
cells) or human (for use on human brain pericytes). As shown in Fig. 1A, RT-PCR
with mRNA obtained from either MBECH4 cells or brain pericytes yielded a single
product. The size of these products was as expected from the primer positions.
When MBECH4 cells were co-cultured with pericytes, the Na-F permeability of
MBEC4 cells was increased from 3.26 + 0.13 x 10~ cm/min in monolayers to
3.86 £ 023 x 10~* cm/min (Fig. 1C). The presence of pericytes decreased rho-
damine 123 accumulation in MBEC4 cells from 0.51 + 0.12 nmol/mg protein in
monolayers to 0.43 + 0.10 nmol/mg protein (Fig. 1D). A 12 h-exposure to CsA
at 5 or 10 uM showed no effect on cell viability as determined by mitochondrial
dehydrogenase activities (WST-8 assay) of MBEC4 cells in MBEC4 monolayers
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Fig. 1. (A) Expression of TGF-g receptor I and I mRNA in MBECA4 cells and human brain pericytes
by RT-PCR analysis. (B) Time-course of the effect of CsA (5 1M) on the Na-F permeability of MBEC4
cells in MBEC4 monolayers and pericyte co-cultures. Transport experiments were performed after 1,
3,6,9 and 12 h of exposure to CsA. Results are expressed as % increase of each corresponding vehicle
treatment (MBEC4 monolayers; 2.78 + 0.10 x 107* to 3.47 + 0.14 x 10~* cm/min, pericyte co-
cultures; 3.24 + 0.10 x 107 104.47 + 0.20 x 10~* cm/min). Values are the means + SEM (n = 7-
16). (C) Effect of treatment with CsA (5 uM) for 6 h on the Na-F permeability of MBEC4 cells in
MBEC4 monolayers and pericyte co-cultures. Results are expressed as % of vehicle-treated MBEC4
monolayers (% of vehicle-monolayer (3.26 + 0.13 x 10~* cm/min)). Values are the means + SEM
(n = 7). (D) Effect of treatment with CsA (5 £M) for 6 h on the rhodamine 123 accumulation of
MBEC4 cells in MBEC4 monolayers and pericyte co-cultures. Results are expressed as % of vehicle-
treated MBEC4 monolayers (% of vehicle-monolayer (0.51 + 0.12 nmol/mg protein)). Values are the
means + SEM (n = 8). )
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(100.0 + 1.8 and 103.1 + 7.8% of vehicle, respectively, n = 4 inserts) and per-
icyte co-cultures (99.2 + 2.5 and 106.8 + 2.3% of vehicle, respectively, n = 4
inserts). Figure 1C and D shows the effect of CsA (5 uM) on the permeability of
MBECA4 cells to Na-F and the accumulation of rhodamine 123 in MBEC4 cells, re-
spectively, in both MBEC4 monolayers and pericyte co-cultures. The Na-F perme-
ability of MBEC4 cells was time-dependently increased during a period of 1-6 h
after the addition of CsA (5 uM), reaching a peak at 6 h (Fig. 1B). A significant dif-
ference in CsA-induced hyperpermeability was observed between MBEC4 mono-
layers and pericyte co-cultures, with the effect being most apparent after a 6 hex-
posure [F(1, 24) = 10.51, P < 0.01] (Fig. 1C). At the peak time, CsA increased
the Na-F pearmeability of MBEC4 cells by 10.3 + 3.4 and 31.9 £+ 3.6% of each’
corresponding vehicle treatment in MBEC4 monolayers and pericyte co-cultures,
respectively (Fig. 1C). Following exposure of cells to CsA for 9-12 h, permeabil-
ity of the MBEC4 monolayers was gradually increased. However, the effect of CsA
on pericyte co-cultures permeability became more moderate, reducing to the same
level seen in MBEC4 monolayers (Fig. 1B). To clarify the role of brain pericytes in
CsA-induced dysfunction of BBB, a 6 h-exposure of cells to CsA (5 uM) was em-
ployed in the following experiment. The accumulation of rhodamine 123 in MBEC4
cells was increased by 13.9 + 5.9 and 43.4 + 8.5% of each corresponding vehi-
cle treatment in MBEC4 monolayers and pericyte co-cultures, respectively, after a
6 h-exposure to CsA (Fig. 1D). A significant difference in CsA-induced decrease in
P-gp activity was observed between MBEC4 monolayers and pericyte co-cultures
[F(1, 28) = 4.65, P < 0.05]. CsA-induced inhibition of P-gp function was more
potent in pericyte co-cultures than in MBEC4 monolayers.

When pericyte co-cultures were treated with CsA (5 uM) for 6 h, the levels of
TGF-81 mRNA in brain pericytes were significantly decreased to 81.0 + 7.3% of
vehicle (Fig. 2A) [F(2, 13) = 5.05, P < 0.05]; however, a 12 h exposure to CsA
failed to decrease levels of TGF-81 mRNA in brain pericytes (103.8 + 10.8% of
vehicle). In pericyte co-cultures, TGF-g1 (0.01-1 ng/mL) dose-dependently inhib-
ited the elevation of Na-F permeability (Fig. 2B), and rhodamine 123 accumulation
(Fig. 2C), in MBECH4 cells, induced by CsA (132.9 + 11.4 to 105.4 + 2.5% and
140.3 £ 9.9 10 98.6 £+ 6.4% of vehicle, respectively).

DISCUSSION

In the present study, CsA (5 uM) time-dependently increased the Na-F per-
meability of MBEC4 cells in pericyte co-cultures, this effect reaching a peak at 6 h
after the addition of CsA (Fig. 1B and C). A 6 h-exposure to CsA also decreased P-
gp function in MBECA4 cells in pericyte co-cultures, this effect being more apparent
than that in MBEC4 monolayers (Fig. 1D). These findings suggest that CsA-induced
hyperpermeability of, and P-gp dysfunction in, MBEC4 cells, was aggravated in per-
icyte co-cultures. We previously reported that treatment with CsA (0.5-10 M) for
24 h dose-dependently decreased the viability of MBECA4 cells (Kochi et al., 1999).
The present study demonstrated that a 12 h-exposure to CsA at concentrations up
to 10 uM had no effect on the viability of MBEC4 cells in MBEC4 monolayers and
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Fig. 2.  (A) Effect of CsA (5 uM) on TGF-81 mRNA expression in brain pericytes at 6
and 12 h after the addition of CsA in pericyte co-cultures. Total RNA of brain pericytes was
extracted and subjected to real-time PCR analysis. Fold changes in TGF-A1 mRNA are nor-
malized to GAPDH and compared with each corresponding vehicle treatment. Values are
the means + SEM (n = 3-5).*p < 0.05, significant difference from vehicle. (B) Effect of
TGF-$1 on CsA-increased Na-F permeability of MBEC4 cells in pericyte co-cultures. Re-
suits are expressed as % of vehicle (vehicle; 3.28 + 0.22 x 10~% cm/min). Values are the
means + SEM (n = 8-16). *p < 0.05, significant differences from vehicle.p < 0.05, sig-
nificant difference from CsA treatment. (C) Effect of TGF-81 on CsA-increased rhodamine
123 accumulation of MBEC4 cells in pericyte co-cultures. Results are expressed as % of
each corresponding vehicle treatment (vehicle; 1.16 + 0.24 nmol/mg protein). Values are
the means + SEM (n = 4-12). *p < 0.05, significant differences from vehicle.*p < 0.05,
significant difference from CsA treatment.

pericyte co-cultures. Thus, the exposure time (6 h) and the submaximum concentra-
tion (5 uM) of CsA without cytotoxicity were selected here.

The significance of brain pericytes in the regulation of the BBB was suggested
by our previous study using a primary culture of rat brain pericytes. We reported
that brain pericyte-derived TGF-g1 contributed to the induction and up-regulation
of BBB function (Dohgu et al., 2004b, 2005). In the present study, the presence of
human brain pericytes decreased the function of tight junctions and increased the
function of P-gp, in MBECH4 cells, by about 20%. An interjunctional property of
MBEC4 cells was lowered by co-culturing with human brain pericytes, this event
being inconsistent with our previous report using a primary culture of rat brain
pericytes. The different backgrounds of human brain pericytes commercially sup-
plied and species-different cell type may be compounding factors in this discrepancy
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(Lai and Kuo, 2005); however, further studies are required to confirm this. Here,
we employed a convenient in vitro model with MBEC4 cells and human brain
pericytes.

To test whether TGF-81 production of the brain pericytes participates in the
mediation of CsA-induced dysfunction of the BBB, we examined the effect of CsA
on the expression of TGF-A1 in brain pericytes. A 6 h-exposure to CsA (5 uM)
significantly decreased the levels of TGF-81 mRNA in brain pericytes in pericyte
co-cultures (Fig. 2A). Treatment with TGF-g1 dose-dependently inhibited CsA-
induced hyperpermeability and P-gp dysfunction in MBEC4 cells in pericyte co-
cultures (Fig. 2B and C). These findings suggest that CsA decreases BBB function by
inhibiting TGF-p1 production in the brain pericytes. In pericyte co-cultures, an ag-
gravation of CsA-induced hyperpermeability of MBEC4 cells occurred with a peak
at 6 h after the addition of CsA, becoming more moderate at 9-12 h (Fig. 1B). In
parallel with these events, TGF-81 mRNA levels were significantly decreased by a
6 h—exposure to CsA but not by a 12 h-exposure (Fig. 2A), suggesting that CsA-
induced hyperpermeability is ameliorated by the compensatory secretion of TGF-
Bl from brain pericytes during the later period of CsA exposure. These data further
support a critical role of pericyte-derived TGF-$1 in mediating CsA-induced BBB
dysfunction. »

RT-PCR analysis demonstrated the expression of TGF-8 receptor I and II in
MBECH4 cells and brain pericytes (Fig. 1A). TGF-f1 mRNA was also detected in
brain pericytes (Fig. 2A) and MBEC4 cells (data not shown). Considering these
observations, TGF-8 is likely to participate in the up-regulation of BBB function
through an autocrine and/or paracrine pathway in brain endothelial cells and peri-
cytes. Autoinduction of TGF-g1 is mediated by binding of the transcription factor
activator protein-1 (AP-1) complex to homologous elements in two regions of the
TGF-B1 promoter (Kim et al., 1990). In this positive autoregulation process, CsA
is known to directly inhibit activation of the JunD isoforms in the AP-1 complex
responsible for TGF-8 signaling in lung fibroblasts (Eickelberg et al., 2001). Cal-
cineurin, a molecular target of CsA, has been shown to be involved in AP-1 acti-
vation in immune cells (Pfeuffer et al., 1994; Tsuboi et al., 1994). Based on this ev-
idence, CsA may be interpreted as lowering TGF-81 expression in brain pericytes
due, at least in part, to an inhibition of the AP-1 activation step during TGF-81 au-
toinduction. We previously reported that CsA increased NO production in MBEC4
cells (Dohgu et al., 2004a) and elevated levels of NO have been known to reduce
TGF-p1 production in the heart (Smith et al., 2005). Therefore, CsA may also act on
MBECH4 cells to lower TGF-$1 expression in brain pericytes.

In conclusion, CsA-induced hyperpermeability and P-gp dysfunction of
MBEC4 cells were markedly aggravated in co-cultures with brain pericytes. This
aggravation appears to occur due to CsA-induced inhibition of TGF-g1 expression
in brain pericytes. These findings suggest that an inhibition of brain pericyte-derived
TGF-81 contributes to the occurrence of CsA-induced dysfunction of the BBB,
thereby triggering neurotoxicity.
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