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Fig. 2. Characteristics of quinacrine uplake by
MBEC4 cells. Panel (A). time course of quinacrine
(1 uM) uptake by MBECY cells. Panel (B). changes
in the quinacrine (1 pM) uptake by MBECA cells ex-
posed to 0.015% Triton X for 10 min before the uptake
experiment. Panel (C), concentration-dependence of
quinacrine uptzke by MBEC4 cells. Initial uptakerates
at various concentrations of quinacrine (1-200 M)
were measured at 37°C for 15 min. Curves for total,
mediated, and diffusive uptake were drawn using the
parameters obtained from nonlinear regression analy-
sis (MULT1). Each point represents the mean % SEM.
{n = 4-20).** P < 0.01;significant difference from the
control.
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Tzble 1. Eflects of Various Compounds and Sodium-Replacement

on Uptake of Quinacrine (1 M) by MBECA Cells

Cell/medium ratio

Condition Conceniration (% of control)
NaNj 10 mM 67.2 £ 3.03%%
DNP 1 mM 70.2 &+ 1.79%*
4-C 1864 2227
FCCP 10 uM 17.4 & 2,49%*
Valinomycin 10 uM 07.24+422°
Amiloride ImM 974 +£3.16°
Tetraethylammonium 1mM 88.0 & 2,950

s mM 84.3 £ 2,930
10 mM 75.4 & 4150
Cimetidine 1mM 81.3 & 5,565+
SmM 57.8 £ 1.70¢*
10 mM 6.8+ 1.61
Na* replacement with 104 + 2.87¢

Dohpu er al,

N.methylglucamine

“MBEC4 cells were preincubated with NaNy, DNF, FCCP, valino-
mycin, or amiloride for 10 min. Contro] values were 49+0.42 x
10° pL/mg protein. <Quinacrine uptake was measured by incu-
bating MBEC4 cells with TEA or cimetidine. Control values were
4.1 0.19 and 5.2 £ 0.19 x 10* uLimg protein, respectively.

9For investigation of the sodium dependency, quinacrine uptake
was measured where Na* in the uptake buffer was replaced by
N-methylglucamine. Control values were 3.6 0.22 x 10° uL/mg
protein. Quinacrine uptake was measured at 37°C for 15 min. Val-
ues are expressed as % of control. Values are shown as means &
SEM (n = 4~20).

“ P < 0.01; significant difference from the control.

(Fig. 3(B)). These findings demonstrated that quinacrine uptake by MBEC4 cells was
pH-dependent. Pretreatment with 10 mM of NaNj inhibited quinacrine uptake at
each pH used (Table II). Quinacrine uptake was not affected by 1 mM of amiloride
(Table 1). Therefore, quinacrine uptake was found to be unaffected by Na*/H*
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Fig.3. Effectsof the membrane potential (A) and pH (B) on the uptake of quinacrine
{1 uM) by MBEC4 cells. Panel (A), effects of various concentrations of external
potassium on quinacrine uptake: 0mM (hyperpolarized). 4.7 mM (control), or 100 mM
{depolarized). Panel (B). effects of various pH of the medium on quinacrine uptake.
Quinacrine uptake was measured a1 37°C for 15 min. Values are expressed as the
cell-to-medium ratios. Values are shown as means & SEM. (n = 12).
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Table II.  Effect of ATP Depletion on the Uptake of
Quinacrine (1 uM) by MBEC4 Cells

Cellmedium ratio (uLimg protein x107)

pH Normal ATP-depletion
6.4 1.61 £ (.02 1.36 + 0.03**
7.0 353+014 328 £0.10
74 395032 320£033
8.0 471 £ 0.35 387030
8.4 477+ 019 3824022

MBEC4 cells were preincubated with 10 mM NaNj
for 10 min (ATP depletion). Quinacrine uptake was
measured al 37°C for 15 min. Values are shown as
means + SEM {n = 3-8).

*P < 0.05,* P < 0.01; significant difference from the
conirol.

exchange. The effects of organic cations and P-gp inhibitors on quinacrine uptake
were investigated. The organic cations including TEA (1-10 mM) and cimetidine (1-
10 mM) significantly reduced quinacrine uptake by 12-25% and 19-65%, respectively
(Table ). In the presence of cyclosporine (10 uM) or verapamil (20 uM), quinacrine
uptake under the steady-state significantly increased by about 10% (Fig. 4).

To provide molecular evidence for the expression of OCTN1 in MBECA cells,
RT-PCR was carried out (Fig. 5). With a primer pair specific for mouse OCTN]I,
RT-PCR with mRNA obtained from MBECH4 cells yielded a single product. The size
of this product was the same as that expected from the primer positions in mouse
OCTNI1.

DISCUSSION

The BBB permeability coefficient of quinacrine, a candidate for the treatment of
CID, was much lower than that of Na-F, a BBB-impermeable marker, suggesting that

* ¥

-o- Control
-+ Verapamil 20 pM

-0~ Control
o+ CsA 10 pM
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Fig. 4. Effects of 10 uM cyclosporine (A) and 20 uM verapamil (B) on uptake of
quinacrine (1 uM) by MBEC4 cells. Quinacrine uptake was measured at 37°C in the
absence and presence of cyclosporine or verapamil. Values are expressed as the cell-
to-medium ratios. Values are shown as means £ SEM. {n = §).

3ig



This dacument prapared for Lhe sole and exclusive of Yasufumi Katacka. Any unauthorized reproduction is striclly prohibited.

214 Dohgu e ol.

Fig. 5. Photograph showing OCTN1 expression in
MBEC4 cells by RT-PCR. RNA samples from MBEC4
cells were used for RT-PCR with primer pairs specific
for mouse OCTNI.

the permeability of quinacrine into the brain through the BBB is extremely low. To
determine which machinery is involved in the low permeability of quinacrine across
the BBB, we investigated the polarity of transcellular transport of quinacrine and
the effects of P-gp inhibitors (cyclosporine and verapamil) on the BBB permeabil-
ity of quinacrine. The basolateral-to-apical (brain-to-blood) transport of quinacrine
across MBEC4 monolayer was greater than quinacrine transport in the opposite di-
rection (Fig. 1(B)). Cyclosporine and verapamil increased the apical-to-basolateral
(blood-1o-brain) transport of quinacrine (Fig. 1(C)). Quinacrine uptake by MBEC4
cells under the steady-state was significantly increased by cyclosporine and verapamil
(Fig. 4). These findings indicate the possible involvement of P-gp in the efflux trans-
port of quinacrine. P-gp largely contributes to multidrug-resistance of the BBB in an
ATP-dependent manner. This study provided controversial evidence that metabolic
inhibitors or incubatijon at low temperature decreased quinacrine uptake (Table I).
Quinacrine was actively and concentratively accumulated in MBECHA cells. A large
part of quinacrine is probably taken up via the saturable system, although quinacrine
uptake was shown to have both saturable and nonsaturable pathways (Fig. 2(C)).
Uptake of quinacrine by choroid plexus cells was organic cation-specific and energy-
dependent (Miller ef al,, 1999). In light of these findings, P-gp (an effiux system) and
other influx transport system(s) are considered to mediate quinacrine transport into
the brain.

We elucidated a role of the known organic cation transporters (OCT1, OCT2,
OCT3, OCTNI1, and OCTN2), and the specificity or driving force of those trans-
porters in mediating quinacrine uptake by MBECH4 cells. Quinacrine uptake was sig-
nificantly inhibited by various organic cations including TEA and cimetidine, which
are known to be a substrate and an inhibitor of the organic cation transporters, re-
spectively. Quinacrine uptake was insensitive to changes in the membrane potential
(Fig. 3(A)) and strongly inhibited by lowering the external pH (Fig. 3(B)). These
characteristics are distinct from those of the OQCT1, OCTZ, and OCT3, all of which
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are dependent on the membrane potential (Gorboulev et al,, 1997; Grundemann
et al., 1994; Xekuda,er al., 1998). Censidering quinacrine is an organic base, the pH-
related decrease in quinacrine uptake may have resulted from an increase in the
concentration of jonized quinacrine according 1o the pH partition theory. However,
our data showing that quinacrine uptake by MBEC4 cells at each pH was inhib-
ited by NaNj (Table 1I) suggest that a pH-sensitive transport sysiem js involved
in quinacrine uptake. Transport of guinacrine increased by elevating the outward
H+* pradient across the membrane. This finding indicates that guinacrine may be
transported through MBEC4 cells by an H*/quinacrine antiport. The activity of
H*/organic cation antiporter is regulated by pH or H* gradient as the driving force
(Maegawa ef al., 1988). The H+ gradient is formed by Na*/H* exchange in the vicin-
ity of the apical membrane of brain endothelial cells (Ennis ef al., 1996). The Na*t/H*
exchange is, however, unlikely to participate in quinacrine uptake by MBEC4 cells,
since Na*-depletion and amiloride failed 1o reduce quinacrine uptake (Table I).
OCTN1 is Na*-independent organic cation transporter (Wu et al., 2000). OCTN2
mediates uptake of L-carnitine and several organic cations in an Na¥-coupled and
Na+-independent manner, respectively (Wu eral., 1999). OCTN1is a pH-dependent
organic cation transporier presumably energized by a proton antiport mechanism
(Yabuuchi er al., 1999). The characteristics of quinacrine transport obtained in this
study are similar to those of OCTN1. Mouse OCTN1 is distributed in the brain,
heart, and liver, and strongly expressed in the kidney (Tamai et al., 2000). RT-PCR
analysis of MBEC4 cells demonstrated the expression of OCTNI (Fig.5). Therefore,
OCTN1 is suggested to be a potential transporter mediating quinacrine uptake by
MBECA cells.

‘The BBB permeability of quinacrine was extremely low, although quinacrine was
rapidly transported into the brain endothelial cells by the apical pH-dependent trans-
port system. A weak organic base binds to a variety of polyanions including RNA,
DNA., and ATP, and accumulates in the acidic intracellular compartments (Miiler
et al., 1999). Quinacrine is distributed in the nucleus and vesicular compartment in
the cytoplasm of choroid plexus cells (Miller et al, 1999). In the brain endothelial
cells, a Jarge part of quinacrine was shown to be distributed and accumulated in the
intracellular binding compartment (Fig. 2(B)). The resulting small part of quinacrine
in the intracellular nonbinding compartment appears 1o contribute to the BBB per-
meability. The P-gp-mediated active efflux at the apical side of the plasma membrane
and the large storage capacity in the cytoplasm are considered 10 restrict the entry
of quinacrine into the brain. The mechanism involved in quinacrine transport at the
basolateral side remains obscure.

In conclusion, quinacrine transport at the BBB is mediated by the influx and
efflux transport systems. The influx of quinacrine is mediated by a pH-dependent
and Na*- and membrane potential-independent system, an OCTN1-like transporter.
The efflux of quinacrine evoked by P-gp at the BBB restricts the entry of quinacrine
into the brain. This phenomenon may be interpreted as Jowering the therapeutic
efficacy of quinacrine for CJD. This study may have clinical implications; quinacrine
concentrations in the brain increased by P-gp modulators including verapamil may
enhance the therapeutic efficacy of quinacrine for CJD.
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Abstract

Several chernicals inhibit the accumulation of abnormal
prion proteins in vitro, We administered one, the anti-
malarial agent quinacrine, to three patients with sporadic
Creutzfeldt-Jakob disease (CJD) and to one with iatro-
genic CJD. Quinacrine at 300 mg/day was given enterally
for 3 months. Within 2 weeks of administration, the
arousal level of the patient with akinetic mutism im-
proved. The other 3 patients, insensible before treat-
ment, had integrative responses such &s eye contact ar
voluntary movernent in response to verbal and/or visual
stimuli restored. Clinical improvement was transient,
lasting 1-2 months during treatment. Quinacrine was
well tolerated, except for liver dysfunction and yellowish
pigmentation. Although its antiprion activity in the hu-
men brain has yet to be proved, these modest effects of
quinacrine suggest the possibility of using themical

intervention against prion diseases.
- - Copyripht©2004 8, Karger AG, Basel

Introduction

Creutzfeldt-Jakob disease (CJD), a prion-mediated
disease in humans, is invariably fatal. Accumulation of
the abnormal protease-resistant prion protein (PrPSe),
formed posttranslationally from the normal endogenous
protease-sensitive isoform (PrP¢), is a central event in
CJID pathogenesis [1]. Recent outbreaks of a new variant
of CID in young people [2], and of iatrogenic CID after
cadaveric dura grafting [3], require that treatment be
immediately available for dying humans, The antimalar-
ial agent quinacrine has long been used to treat patients
with malaria and giardiasis. Two recent reports found
that quinacrine inhibits and eradicates PrP in scrapie-
infected neuroblastoma cells [4, 5). Korth et al. [5] found
that of the acridine and phenothiazine derivatives they
tested, quinacrine and chlorpromazine inhibited PrPSe
accumulation, and they noted the importance of the ali-
phatic side chain on the middle ring moiety of tricyclic
compounds. Quinacrine was 10 times rnore potent than
chlorpromazine, its effective concentration for half-maxi-
mal inhibition (ECsp) of PrPSt formation being 300 nif
[5] (400 nMf in the report of Doh-Ura et al. [4]). After
chronic oral administraticn of quinacrine to humans, its
serum concentration exceeded 450 nM for a total dose of
4.5 g given over 6 days [6]. Quinacrine is also deposited in
the brain [7], and the tissue to plasma concentration ratio
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Table 1. Clinical findings before and after quinacrine treatment

1/46/M/ Il months  akinetic mutism; tyes open {0 NG tube fixation of eyes gaze oriented 10 from the 2ndto
sCID Toving eye movement; noxious stimuli; the direction of a 5th week

cortical blindness reflex myoclonus voice; decreased

reflex myoclonus

2/58/ M/ 2 mornibs alert; eye tracking for  withdrawal and NG tube smiles al family decreased action from the 6th day
sCID the object; startle purposeless members; eve tracking myoclonus to the 6th week

Tesponse to visual, movement; and starile response

andstory and tactile action myoclonus; to &h object presented

stimuli; ignorance of  paraplegia in in the right visual field

object presented in flexion

the right visual field
3/61/F/ 2 mopths alert; fearfil, startle withdrawal fed orelly, increased eye contact  voluntary left arm from the 8th day
sCID response, responseto  movement; orNGtube  withibe examiner; movernent and to the 3rd week

visual and anditory laughter at visual and  side-to-side head

stimuli; right hemi- auditory stimulj movement

apnopsia
4/58/F/ 6 years alert; grimacing and  palilalia; stereo- fed orally apparent eye contact  ablefositupona from the 2nd 10
possibly moaning to DOXious typed Bmbs with people; laughter  reclining chasr 8th week
iatrogenic CJD stimuli; listless to and orolingnal at visual and auditory

visuel and anditory movement, stirmuij; appropriate

stimuli impossible to sit ‘yes o1 no’ to questions

or stand up even
with assistance
Dz = Diagnosis; NG = nasogastric,

1s very high [8). Its pharmacokinetics suggests that a con-
centration of quinacrine can be obtained in the human
brain sufficient to inhibit abnormal prion accumulation,
as shown in an in vitro experiment [4, 5].

Patients and Methods

Patients

Three patients with clinically probable sporadic CYD (sCJD;
patients 1-3) and one with possible iatrogenic CJD which may have
beer transmitted by dura mater grafts (patient 4) were studied. Their
ages, sex, duration of illness and status at the start of the study are
given in table 1. These patients were admitted to Fukuoka University
Hospital between Qciober 2001 and February 2002, The three sCJD
patients fulfilled the Masters’, French and European criteria for
probable CJD [9] and showed progressive dementia, myoclonus,
visual or cexebellar signs, extrapyramidal signs, typical periodic
sharp and slow wave complexes (PSWCs) on EEGs, and positive
detection of CSF 14-3-3 proteins.

Patient 4 had undergone removal of a right cerebellopontine
&ngle tumor and had had dura mater grafts in July 1991, She received
a single brand of dura mater graft, LYODURA®, processed by B.
Braun Melsungen AG before 1987, which brand was found to be
responsible for a Japanese outbreak of jatrogenic CTD {3]. She devel-
oped progressive dementia in Janvary 1996, became listless within 2

Quinacrine for Creutzfeldt-Jakob Disease
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5

years, and was bedridden within 4 years of onset. Stereotyped repeti-
tive imb movement {palikinesia) and a few panerns of simple sound
repetition (palilalia) characterized her status. She moaned emotion-
ally on manipulation of her limbs and had dysphasia, but swallowing
was possible when fed. She bad extrapyramidal rigidity and exagger-
ated tendon reflexes, but no ataxia, myoclonus, PSWCs or CSF 14-
3-3 proteins. MRI showed diffuse cerebral atrophy. Nondegenerative
dementias caused by anoxic brain damage or normal pressure hydro-
cephalus, and dementias of infectious, neoplastic, metabolic, putr-
tional or endocrine origin were excluded.

Methods

The four patients were administered 300 mg/day quinacrine
enterally for 3 months. The study had been approved by our instite-
tion's ethics committee, and the panents relatives had consented to
the procedure. Quinacrine was given as 100 rog of powder in capsule
form. It was administered crally 3 times a day after each meal, or
through a nasogastric tube after being dissolved in water at 37°C.
The patients® behavior and neurological examinations were video-
taped every 2 weeks. Routine hematological and bleod chemisiry
studies were done weekly, and EEGs were obtained every 2 weeks,
Brain MR that inclided diffusion-weighted {DW) images was done
in the 4th and 12th weeks after treatment begzn. Quinacrine was
withdrewn if major side effects suck as convulsion, bone marrow
suppression (white blood cell count «<2,000/ul} or significant liver
dysfunction (>5 times the normal upper limits for aspartate amino-
transferase or alanine aminotransferase) accurred. In addition, if the
patient’s condition was complicated by infection, metabolic irregu.
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larities or gastrointestinal problems, quinacrine was withdrawn 2nd
readministered only when the condition had returned to normal. No
other medicines were given during the period of quinacrine adminis-
tration. The plasma concentration of quinacrine in the patients’
blood samples was measured by high-perfermance liquid chromatog-
raphy.

Results

Quinacrine was well tolerated by all the patients. Yel-
lowish skin pigmentation invariably appeared 10-14 days
after treatment began, Transaminase values were elevated
in 3 of the 4 patients, but never reached 5 times the nor-
mal upper limits. Patients 1 and 2 had quinacrine with-
drawn temporarily because of aspiration pneumonia, uri-
pary tract infection or diarrbea, but both finally com-
pleted the 3-month treatment course.

Clinical Course

A change in cognitive state appeared during the first 2
weeks of treatment (table 1). Patient 1’s unfocused, occa-
sionally roving eyes (fig. 1a) became fixed (fig. 1b) and
sometimes were oriented to the side of auditory stimuli
(fig. 1), When stimulated, patients 2 and 3 showed miti-
gation of irritable mood and the return of smiles or laugh-
ter. Patient 3, who had been apathetic (fig. 1d), made
apparent eye contact with people {fig. 1e), turned her head
from side to side in response to the examiner’s position,
and had purposeful, voluntary movement of the left arm
{fig. 1), Patient 4 also made eye contact with people and
nonpathological laughter in response to stimuli was re-
stored. She also nodded or shook her head, apparently
indicating ‘yes’ or ‘no’, in response to simple verbal ques-
tions such as those about pain or thirst.

These changes in mood or cognitive function were
invariably transient, lasting 2-8 weeks during the period
of quinacrine administration, after which cognitive func-
tion gradually decreased to baseline levels. Due to the
associated conditions described previously, quinacrine
was temporarily withdrawn from patient 1 in the 5th and
patient 2 in the 6th week. Both patients’ conditions deteri-
orated to akinetic mutism that remained even after quina-
crine was restarted. After 3-8 weeks of treatment, cogni-
tive function in patients 3 and 4 had regressed with no
predisposing factors.

EEG and MRI Findings
Patient 2 showed changes in both EEG and MRI find-

ings, which may be associated with the clinical changes
that occurred. Typical PSWCs in the severely suppressed
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Fig. 1. Patients’ appearances before (left) and after (right) quinacrine
treatment. a-¢ Patient 1 had an apathetic appearance and unfo-
cused, roving eye movernents before treatment (a), After treatment,
there was eye fixation (b) and aze oriented to auditory stimulus (c).
d-f Patient 3 was listless and apathetic before treatment (d). After
treatment, she had a well-oriented facial expression (e) and purpose-
fullimb movement (f).

background before treatment (fig. 2a) had become irregu-
lar slow activities with less periodicity and no suppression
by day 16 of treatment (fig. 2b). Before treatment, DW-
MRI detected high signals bilaterally in the corpus stria-
tum and insular and cingulate gyri, as well as in the tem-
poral and parietal lobes. The signal intensities in the tem-
poral and parietal lobe lesions were higher on the left than
the right (fig. 3a), at which time the patient did not
respond to visual stimuli presented in the right visual
field, but did respond to stimuli in the left visual field.
Startle responses to threatening stimuli in the right visual
field, which appeared on day 19 of treatment, lasted 2
weeks. DW-MRI on day 23 showed decreased high signal
intensities in the left temporal and parietal lobes, whereas
intensity remained high in the other regions (fig. 3b).
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Fig. 3. DW-MRI of patient 2. The right side of each image corre-
sponds to the left side of the brain. High signal intensities were
present in the corpus striatum and insular and cingulate gyri on both
sides, and in the parietal and temporal lobes before (a) and after (b)
quinacrine treatment. In b, the high signal in the left temporopatietal
lobes (arrow) is attenuated, whereas signals in the other regions
remain unchanged.
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Fig. 2. Electroencephalograms for patient 2 before (a) and afier (b)
quinacrine treatment. PSWCs with totally suppressed background
activities (a)} were replaced by fewer periodic patterns and restored
background activities after treatment (b).

Before treatment, patient 3 had high DW-MRI signals
in the corpus striatum, cingulate gyrus and left parietal
and temporal cortices. These bad not changed by the 4th
week of treatment, but they disappeared during the 12th
week. The other two patients showed diffuse cerebral
atrophy without high signals on DW-MRI, which findings
did not change after treatment. On the EEGs, patient 1
had PSWCs in the suppressed background before treat-
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Fig. 4. Plasma concentrations of quinacrine during and after its
administration. The concentration increased with the number of
days of treatment. Quinacrine was still detectable in the plasma after
drug discontinuation on day 84, indicatipg that it bad accumulated
in tissues.

ment. These disappeared and were replaced by diffuse
slow activities of 3-7 Hz during the 2nd week of treat-
ment, but they returned during the 4th week and disap-
peared thereafter. Patient 3 had PSWCs superimposed on
slow background activities, and patient 4 showed diffuse
slowing with occasional alpha activities. These features
remained unchanged after treatment.
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Plasma Concentration of Quinacrine

The plasma concentration of quinacrine increased
with the length of administration (fig. 4), It reached
300 nM within 14 days and was as high as 2,500 nM pear
the end of the treatment period. Moreover, quinacrine
was detectable in the patients’ plasma 6 weeks afier its
discontinuation.

Discussion

In their search for potent agents to treat prion diseases,
Doh-ura et al. [4] reported inhibition of PrP% accumula-
tion in scrapie-infected neuroblastoma cells by lysosomo-
tropic agents, incliding quinacrine and cysteine protease
inhibitors. These agents may interfere with the conver-
sion of PrPe to PrPs¢ at the plasma membrane or along an
endocytotic pathway to the lysosomes. Recently, Collins
et al. [10] reported that quinacrine did not prolong surviv-
al in 2 murine CJD model. Results of animal experiments,
however, depend on the animal species and prion strain.
Subcutaneous quinacrine administration prolonged .the
survival of transgenic mice inoculated with 263K scrapie
agents into the brain [Doh-ura, pers. commun.].

We studied four patients, of whom three had clinically
probable sCJD and one possibly iatrogenic CID. All four
bad improved arousal levels after quinacrine treatment.
Other changes in global brain function included decreased
frequencies of reflex or action myoclonus (patients 1 and
2) and startle response (patients 2 and 3), and mitigation
of the hyperkinetic state (patient 4). Focal brain functions
restored were nonpathological laughter (patients 2-4),
visual field (patient 2) and voluntary movement (patient
3). These changes might have been due to factors other
than quinacrine, e.g. encouragement of contact by family
members or caregivers, but this could be excluded for two
reasons. Firstly, in Japan, intensive care is custormarily
given to severely disabled patients who have definitely
poor prognoses. As in the case of patient 1, tube feeding is
vsually initiated and continued for irreversibly disabled
patients because family members will not accept the ces-
sation of feeding. The contact provided by family mem-
bers and caregivers did not change after quinacrine treat-
ment was begun in the present study. Secondly, the
changes seen after treatment were transient, lasting 2-8
weeks. Thereafter, the patients’ conditions regressed,
even during quinacrine administration.

Of the three patients with clinically probable sCJD,
transient improvement occurred not only in patients 2
and 3, who were in the early stage, but also in patient 1,
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who was in the terminal, akinetic mutism stage. This last
patient had an improved arousal level associated with
directed fixation of the eyes {fig. 1a~c) atiributable to the
function of the brainstem reticular formation, a structure
relatively preserved in the classic, Heidenhain varjant of
sCJD [11]. The most marked change, seen in patient 2,
was the restored response to objects presented in the right
visual field. This change was accompanied by decreased
DW-MRI signal intensities in the left temporal and pari-
etallobes. DW-MRI is a new technique that noninvasive-
ly images molecular water proton diffusion processes that
occur on a micrometer scale [12]. Mittal et al. [13]
reported that in CJD, the high-intensity signal areas seen
in DW-MRI are correlated with a high degree of spongi-
form cbange. They speculated that these changes are the
result of the microvacuolation of neuritic processes, her-
alding spongiform degeneration. Of our four patients, the
two who were in the early stage of illness had high signals
on DW-MRI that lasted for 2-3 months but which had
disappeared 5 months into the illness. Although the exact
mechanism is unknown, the immature attenuation of the
high signals in the temporal and parietal lobes, which was
correlated with clinical changes in patient 2, suggests that
the high DW-MRI signals in CJD may represent revers-
ible changes. Decreases in the action myoclonus and star-
tle response in patient 2 were accompanied by decreased
PSWCs and increased EEG background activity. These
EEG findings suggest that mitigation of the irritable state,
which produced a calm appearance, was due to improved
cortical fonction and not to deterioration.

Cognitive function was restored temporarily in patient
4, who had an unusually prolonged course. She may have
received contaminated cadaveric dura mater before on-
set, and her incubation period of 66 months compares
with the incubation periods of other Japanese patients
(mean incubation period 89 £ 44 months, range 16-193
months) during the CJD outbreak [3). She had rapidly
progressive dementia during the first 2 years of her total,
prolonged 6-year course. Some Japanese patients with
dura mater-associated CJD may have a clinically variant,
longer duration of illness, characterized pathologically by
florid-type plaques [14]. The diagnosis in that patient’s
case has had to be postponed, but quinacrine treatment
appears to be beneficial for patients with rapidly progres-
sive dementia and prolonged survival.

Whether the changes found are due to the antiprion
effect of quinacrine, as reported in in vitro experiments, is
unknown. Therapentic doses of quinacrine are known to
cause psychomotor hyperactivity. The incidence of quina-
crine psychosis is reported to be 0.9-4 per 1,000 persons
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[15]. Engel et al. [16] administered 2.1-2.8 g of quinacrine
to 5 healthy individuals over a 10-day period, doses suffi-
cient to obtain plasma levels exceeding 250 nM. Their
subjects had various degrees of psychomotor byperactivi-
ty and increases in EEG frequencies. The EEG changes
occurred a2t plasma quinacrine levels of 75-100 naf and
continved for up to § days after discontinuation of the
drug. The increased arcusal levels in our patients, there-
fore, may be attributable to the cortical stimulation action
of quinacrine, but the mechanism of its direct effect on
the central nervous system has yet to be determined.

The plasma concentrations of quinacrine in our pa-
tients suggest that a therapeutic dose of 300 mg/day qui-
nacrine may reach the ECsq of PrPS formation, i.e. 300-
400 nif, in brain tissues. Quinacrine accumulates pro-
gressively in tissues when administered chronically [7).
The lowest concentrations are in the brain, heart and skel-
etal muscle [7], but tissue to plasma concentration ratios
may be very high, as in dog skeletal muscle [8]. The clini-
cal changes in our patients occurred from the 2nd to 8th
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ranged from 300 to 1,000 nM. Those concentrations
would be sufficient for the drug’s accumulation in brain
tissues as well as for its action either as a direct cortical
stimulant or through its antiprion activity. Cognitive state
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toxicity on the brain [6). We believe that the quinacrine
dose should be decreased after the initial loading dose and
the plasma concentration of the drug monitored. Al-
though its effectiveness is limited in terms of extent and
duration, our findings support undertaking a clinical trial
of quinacrine and the search for other chemicals that pre-
vent the accumulation of, or conformational changes in,
prion proteins.

Aclnowledgment

This study was supported by Research Grant No. 13080901 from
the Ministry of Health, Labor and Welfare of Japan.

—

w

E-Y

th

Prusiner SB, Hsiao XX: Human prion diseases.
Ann Neurol 1994;35:385-395,

Will RG, Ironside JW, Zeidler M, Consens SN,
Estibeiro K, Alperovitch A, Poser S, Pocchiari
M, Hofman A, Smith PG: A new variant of
Creutzfeldt-Jakob disease in the UK. Lancet
1996;347:921-925,

Creufzfeldi-Jakob disease associaled with ca-
daveric dura mater grafts - Japan, January
1979-May 19%6. MMWR Morb Mortal Wkly
Rep 1997;46:1066-1069,

Doh-Ura K, lwzki T, Caughey B: Lysosomoto-
tropic agents and cysteine protease inkibitors
inhibit scrapie-associated prion protein accn-
mulation. J Virol 2000;74:4894-4897,

Korth C, May BC, Cohen FE, Prusiner SB:
Acridive and phenothiazine derivatives as
pharmacotherapeutics for prion disease. Proc
Natl Acad Sci USA 2001;58:9836-9841,

Lidz T, Kahn RL: Toxicity of quinacrine (ata-
brine) for the central nervous system. 111 An
experimental study on human subjects. Arch
Neurol Psychiatry 1946;56:284-299,

Rolls IM: Drugs used in the chemotherapy of
hebninthiasis; in Goodman 1S, Gillman A
(eds): Pharmacological Basis of Themapeutics,
ed 5. New York, Macmillan, 1975, pp 1080~
1094,

Shannon JA, Earie DP, Brodie BB, Taggar1 IV,
Berliner RW: The pharmacological basis for
the rational use of atabrine in the freatment of
mzlaria, J Pharmacol Exp Ther 1944;81:307-
330,

Brandel J-P, Delasnerie-Lauprétre N, la-
planche J-L, Haow J.J, Alpérovitch A: Diagno-
sis of Creutzfeldt-Jakob disease: Effert of clini-
cal criteria on incidence estimates, Newrology
2000,54:1095-1099,

Collins §J, Lewis Y, Brazier M, Hill AF,
Fletcher A, Masters C: Quinacrine does not
prolong survival in a murine Creutzfeldt-Jakob
disease model. Ann Neuro] 2002;52:503-506.
Parchi ¥, Giese A, Capellari S, Brown P,
Schulz-Schaeffer W, Windl O, Zerr I, Budka R,
Kopp N, Piccardo P, Poser S, Rojiani A, Strei-
chemberger N, Julien J, Vital C, Ghetti B,
Gambetti P, Kretzschmar H: Classification of
sporadic Creumtzfeldt-Jacob disease based on
molecular and phenotypic analysis of 300 sub-
Jects. Ann Neurol 1999;46;224-233,

12

Moseley ME, Butts K: Diffusion and perfusion;
in Stark DD, Bradley WG Jr (eds): Magnetic
Resonance Imaging. St. Lowis, Mosby, 1999, p
1515, i

Mittal §, Farmer P, Kalina P, Kingsley PB,
Halperin J: Correlation of diffusion-weighted
magnetic resonance imaging with neuropathol
ogy in Creutzfeidt-Jakob disease, Arch Neum!
2002;59:128-134,

Shimizu 8, Hoshi K, Muramoto T, Homma M,
Ironside JW, Kuzuhara §, Sato T, Yamamoto
T, Kitamoto T: Creutzfeldi-Jakob disease with
florid-type plaques after cadaveric dura mater
grafting. Arch Neurol 1999;56:357-362.
Lindenmayer J-P, Vargas P: Toxic psychosis
following use of quinacrine, J Clin Psychiatry
1581;42:162-164.

Engel GL, Romano J, Ferris EB: Effect of qui-
nacrine (alabrine) on the central nervous sys-
tem, clinical and electroencephalographic stud-
ies. Arch Neurol Psychiatry 1947;58:337-350.

Dement Geriatr Cogn Disord 2004;17:158-163 163

Quinacrine for Creutzfeldi-Jakob Disease

129

Renradiired with marmiccinn nf the ranurinht mamar  Endbare ramradiinticm membibidm o soiibloms b omomafon? oo



FERLBE (JPT)
JAPANESE PHARMACOLOGY & THERAPEUTICS (ElEEthtnss Jim Pharmacol Ther)
2004F12H 25 B %47 vol.32 supplement iR

24, FFYR YA REICHF 2RYBEY RS> 2 ti—
77— (MRP4) OVEEERRHT

FRRFAREGRERARN ST EYEREEHKE
MO ® oz W B oW —

[ Esdowe]
Ilﬂlf"[["l""l

Uy

SATY LI AR

I

TEL (03) 3664-7900 (f%3)

[Z EEEe - aw)

130



Jpn Pharmacol Ther (5270 & i) vol. 32 supplement 2004

24. FFU XV A REICHIT D EMBEMR ~5 2 AR
& — (MRP4) DEEERFAT

WAL RLGILRIER D FRYBEIUE
WOE ez AR = ko B —

Functional Characterization of MRP4

Hiroyuki Kusuhara, Kenji Takeuchi, Yuichi Sugiyama

The Graduate School of Pharmaceutical Sciences, the University of Tokyo

= SV T

JR I Bypbeittlsss & L CEEL2EGTH S,
WO IFIEZMEIC LD b5 v AR -9 —HEHE
LTwa D qAEs»cENTwS, BEMETD
PHbRECIE, MEEMRFA AL YEX LA F PR
BFALYELDABC b v AR—Y —2HELH
FENTV:BY, ZiLbid, ATP ORGSR E 1%
L 7= —kiegpimsic X b, HELAYE B P~
LT 3, SAon v Sy FFvinsts,
M oER7? =4 v % E£H L T % multidrug
resistance associated protein 2 (MRP2/ABCC2), K
BHEOEWAFA Y - REEY 2 EH &I B PR
& v 32 (P-gp/ABCBI) MEE X LT 5, MRP2
REMPELOES, g F4 v OIRHRC LB
ELTYh, Bit#% 5 $ % Bile Sale Export
Pump (BSEP/ABCBII) L3fiA T, MEHHZEMRT
ZETLEESERLT,

JE4E, Breast Cancer Resistance protein (BCRP/
ABCG2) bR HEMRICKRET 2 Z Ldipsh

T\ 334, BCRP 4 P-gp ® MRP2, BSEP & 3%
b, NERIcX 7 LAFEarA/ 28,
6 MEESEEIR TR S n B, EHINCERES

1313

Le—%RE LT, EWHHEAY 7L LTRET
%%, BCRP @yl izd, WmEgHEAE, v 4 F
SyLARTIESENIRERPAP VEHEL T

357, SM{EF RIB< 7 X T PRIPYR A A
methotrexateg)@ HEH M AET §5 2 &5,
MRP2, P-gp &t & bICIBEMOBYGERY 7 L
TOBEEEMHALHIIN20H S,

FFer2 v 4 FlBEd ABC F 7 v AR—F—&
FRIALTWA I EMRWEZINTED, MRP family
KET S FHETH B MRPS, -4, -6 BRAEENT
vs%, MRP3 12, MRP2 ZJeRAICRIBL 72 RT
¥ (Eisai Hyperbilirubinemic rat : EHBR) T, [F ik
TORBENFEIRTVLE I Lo ReIEShk
ABC } 7 v AR—5—ThH %™, MRP3 IJIER 7 v
F O TIIZE A SRR L Tk, EHBR ®
FEAMEMRH 5 - #5 % 5| & 42 Z T a-naphthylisothio-
cyanate %> Cytochrome P-450 # F5& 7 % phenobar-
bital, bilirubin 25 L3 v b TR Z OFREITHE
Wanz, MRP3 OEEEIR V7 0 v EBGE
MEFN, FoWPHBOEEE T I LA
I2 T Ve 31210 phenobarbital %58, %7 EHBR
¢ 2 Y 4 FIT o taurocholate O P HAE S &
MRP3 O JEE I XD S H ¥, FHEEHC MRP3
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DR A FRIC B B Ay 7L LTilE, i
SRR L Y BYOTRES O TVLE S &
MTREEND, MRP6 i3, FESERIC B 20D
HEDZEMEL AN oy AR BTHMS o s HEfERR
HEtEIRTES 578 (pseudoxanthoma elasticum : PXE)
@ﬁ@ﬁﬁ%a%ienfw§WOMEuﬁﬁ&
72, BUSIEE, MWETOT7FO0—LTFLER PO
EEfEI T EBRONTVLY, 20BEMBET
REIChi-bEHE L BoTwihat, £ 3
TR SR D) 2O E RSB EE S X
M, PXE D®ETIX, MRP6 275 TEMBI o TV Z
CEMRBEER, TV PR v A SEKERD
TH2 BQ-123 I N¥F4 V6D LTC4, N-
ehylmaleimide S-glutathione, #7l 2 o vRigE&
estradiol 178 glucuronide % EH & ¥ 2 & D117,
IR L EEREO S 2 FENEE ORI E - T
sdrbs,

MRP4 BEEE7 + 0/ CH MY 4 L ARTS
3 9-(2- phosphony]methoxyethu!) adenine OHEHHC
F%5 L, MRPABHIRBMIII - N ofe7T 5o o

X LIHER R, #EE7 o 2B, DHEAS
% estradiol 178 glucuronide % ¥ 27 1 4 Foigsd
5% prostaglandin % ¥ L 2E & L TiET 3 W~z
EBI, YNFF I LT T, taurocholate & Iy
BREHLTBILPWESh T2, FlEcids
VA FRABICRELTWE I Eha?), E#EIC
taurocholate Z 13 U & 4 2 B AW DL R v 4

PR BT BHHAY 7L LTHBEL T W B C b s

TEINTn3

AP TIE, FREEMRENFS X V4 PR 5

BRLTVLRZ EARER W E 17 MRP4 &

BCRP IZDWT 7 F/ w4 M AR BEFEE

REBEL, 2 ORLEERE > W TR M A 7,

I RBAZE

1 L&y

[*H]Dehydroepiandrosterone ~ sulfate (DHEAS :
© 79.1 Ci/mmol}, [*Hlp-aminohippuric acid (PAH :
4.22 Ci/mmol) 8 X ¢ [*H]estrone sulfate (E;S; 46
Ci/mmol) 43 PerkinElmer Life Science (Boston, MA)
25 8A L7z, [PHlochratoxinA (21.3 Ci/mmol),
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[(“Cluric acid (53 mCi/mmol), [*H]xanthine (20
Ci/mmol), [*H]hypoxanthine (20 Ci/mmol), [*H)
cAMP (17 Ci/mmol) ¥ & U [°HJcGMP (2.4 Ci/mmol)
13 Moravek (Brea, CA) 2585 A L7z, [*H]Pravas-
tatin (45.5 Ci/mmol) # & T8 Z O JEAa4 f 1t = L4
KRS L Tt fn i,
2 Western Blot Analyses

Anti-hMRP4 (PC-063) # X O anti-hBCRP (BXP-
21) £/ 70— F AR I Kamiya Biomedical % &
AL 7 BERE 2N % 3XSDSH v 7128y
7 7 — (New England BioLabs, Beverly, MA) i %2
%, 35MFA L, 10% SDS-polyacrylamide % 1L
BRI ZT o7, S, BEEES LSS b
2l o—2& (Milipore, Bedford, MA) ICIEE L
72 (15 Vfor 1 Kf), BE5 7%, PBS+5% R F 4 30
7T 1 BERER, —REEEFML, X001
HERTREL:, =boelo—2[E% PES+
0.1% Tween-20 THEH42, Alexa Fluor 680 anti-
mouse IgG (Molecular Probes, Inc. Eugene, OR) ic
OB,
3 hMRP4 cDNA QOO O—=24

hMRP4 cDNA &, t Ml RNA (STRATAGENE)
26 RT-PCRic Lk H BEEL 7=, PCR 7> 42—\,
GenBank accession number AF071202 @ B2 %1 iz 25
WUERRTL, YR 5 -AAGATGCTGCCCGTGT-
ACCA-3"L L, 7¥ % A3 5 ~TGTCAAGT-
CCGTTCCGAAGG-3" & L 7=, BEEL 7- eDNA i,
BRZHFBDT MG Thot, DI ik h, 1139
BEEO7 I /B0 AsnH 5 Lys BERL Tuie,
Direct Sequence 2k b, TOERIIEM L Lk b
Wi RNA Bk Td o7,
4 BMRP4 ZBAULZF/ I 120D

EEEL 72 & b MRP4 cDNA % pShuttle vector plas-
mid (Apal, Kpnl #4 }) IC#A&, 251 Adeno-
X™ Expression System (BD Biosciences, Palo Alto,
CA) #F\T, Adeno-XTM Viral DNA ~ & S13A A,
72 AIMRPA-H1AAR 757 7 4 L X % e84 2 7= 8
pAd~-hMRP4 % Pacl TIE#, HEK293 cells o Fu-
GENESG (Roche Diagnostics Corporation, Indianapolis,
IN) % F v THE A L 72, Recombinant viruses of
hMRP4 and hBCRP 13 CsCl B E QIR LiE &b
RBL, A by 29K (10mM Tris (pH 7.5), 1mM

Faz
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MgCl2 £ X U8 10% glycerol) - i§#, —80°C TR
#ZL7#, & BCRP k2w Tk, BHR® TH 3 DT,
Uz Zz L 62 BE L TWLE L,
5 BERVIILOHER

BRI T, MRy 7 ARFLAY, £ i
WMl (HEK293, 2X10%) %, 15cm & v —
LV R L e, 72 W%, A3 % hMRP4-or
WBCRP @iz 7 7/ W 4 M A %, 1X10° pfu per
plate THirE ¥, FHT 4TI —nEL
T, GFP #2275/ 7 4 VA (pAd-GFP) %%
X7, RLRE 48 BRI, MARZEIRL 2. MR
i, 40 fZ{E3R /¢y 7 7— (1 mM Tris-HC], 0.1 mM
EDTA, pH 7.4, 4°C) i=C, 1 EMAiRIEL, MRRL 7,
AT 32— b % 100000 g, 30 HRELE, L b
% 10 mL %3 TS /¢y 7 7 — (10 mM Tris-HCI, 250
mM sucrose, pH 7.4 at 4°C) KB L, Dounce B
homogenizer (glass/glass, tight pestle, 30 strokes) T
REYFA R LT, BonBESEE, 38% (w/
V) A 20— AW (5 mM Tris-HEPES, pH 7.4, 4°C)
oD, 280000 g T 45 bR L7z, HFEEE
IRL,23mL @ TS 3w 7 7 —ZRiEE, 100000g T
304 MBEOL LA, by FEAQOUL DTS Ay
79— iR L, 27-gauge DIEHEHE 30 EET C
LR 2 A LI, Ry 7 NI —80°C I TIRFL
2a
6 [EAD Y ILERWICIERRER

FSyvAR— Ny 77— (10 mM Tris, 250 mM
sucrose and 10 mM MgCl,. 6H,0, pH 7.4) 2, #H,
ATP 6 mM) 8 L U2 0B 4£%R (10 mM creatine
phosphate and 100 g/L creatine phosphokinase) %
MLz, 37°C 12T, 3OMA vF¥as—varvli
%, R ZURFRML, EREBE L, —EH
A v ¥ a—3 3 vk KbicE8wilmL Ay
7 7 — (250 mM sucrose, 100 mM NaCl, 10 mM Tris-
HC|, pH 7.4) EFMIREREEEE, 2095 900
ul % 0.45um HA 7 « /L% — (Millipore Corp., Bed-
ford, MA) =7 734 L, BTH, E6i, SmL
Dy 7 7—T 2 BERET S, 74 15— LA
£ (LS 6000SE, Beckman Instruments, Fullerton, CA)
RWTIHELE, ¥ 2AANDOEAHRE, P77V
AR—boSy 7 7 —HOBETEETHIEL %,

I BRBIUER

Western blot #5412 & D, MRP4#MiE XA B 7 7/
M4 VAR Y& HEK293 2> 5B L e <3
2 L (MRP4-HEK) iz, #9190 kDa O fz{&ic MRP4
DEBAFHERL ., cOT 27 AERAWT, B4l
Y00 T ATP RE R IMEEE O LEE T -
7=, BCRP RIS 7 Lit2wThH, BCRP iz
75 ) 9 VAR B E ¥ HEK293 2 5 5
L 7»\:23)c

BCRP-HEK i, DHEAS (K,=30uM), estrone
sulfate (E1S) 7z & A F v A Fil&{f, pravastatin
o, BhicEl LTHlEh2GH7 =4 THS
ochratoxin A (K_=270uM), PAH (K,=56mM),
¢AMP (K,=3.1mM), ¢cGMP (K,=6.0mM),
methotrexate (K, =5.2 mM) %, xanthine, hypoxanthi-
ne, urate (IK,=2.5mM) 7% EHiEERET L &I
I EER LY D ATP KERN S IETEE 2T
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7o vic T s K i, AF A4 Fiagdicth
_RTKEWE%RZTL,ELS, ochratoxinA 2% DHEAS @
WEiEE L FRRETH 305, HOEBELEHITOV:
Tid, 2090 1 UTOERRIEETH > 72,

MRP4-HEK T i3, DHEAS (K,=2.7uM) @ &
#, PAH (K_,=738uM), methotrexate (K,=100
M), pravastatin, cGMP, xanthine Dl IEEIZR
Hegtnieid LT, ES, ochratoxin A, ¢AMP,
hypoxanthine “Cid GFP-HEK il LT, HELHL
AAE MM T E b o, ochratoxin A A% DHEAS
D640 1 BEOHRIEETSH 2085, ROBHID
\WCid DHEAS @ 20 3D 1 AT TH -7,

DHEAS 2 FuliR ¢ 3 L BRIt v 2o b,
MRP4 & BCRP »TEORET = 4 ¥ D13,
BB OEIT =4 Y b EEE TR E, BLEV
HEEREEELTwR I eBHALh kot &
TAWITIA—EEE S A 517293, DHEAS ®
PAH, methotrexate 2 BCRP & B & MRP4 i2XfL T
EOEMEERL, ES k& BCRP O &K THikH
Ban{taPd REviEahi,
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ELTIRIY0OBIET 22, COLERE~TOTEH
TBEETIZ, AR diflomotecan DEIRFIES.
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MRP4 122V Th, (KRBT & 1T 2 BE 20T 5 4
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Involvement of Multispecific Organic Anion Transporter,
Oatpl4 (Slc21al14), in the Transport of Thyroxine across

the Blood-Brain Barrier

KIMIO TOHYAMA, HIROYUKI KUSUHARA, anp YUICHI SUGIYAMA

Department of Molecular Pharmacokinetics, Graduate School
0033, Japan

The present study was aimed at investigating the involvement
of mouse organic anion transporting polypeptide 14
{mOatpl4) in the uptake of T, across the blood-brain barrier.
Functional expression of mOatpl4 in HEK293 cells revealed
that T, and rT; are high affinity substrates of mOatpl4
(Michaelis constant, 0.3¢4 and 0.46 pwm, respectively), and the
specific uptake of Ty was 4-fold less than that of T, and rT,.
Taurocholate, probenecid, and estrone-3-sulfate were moder-
ate inhibitors for mQatpl4, whereas digoxin (substrate of
Oatp2), benzylpenicillin (substrate of 0at3), and large neutral
amino acids had no effect. mOatpl4 is widely expressed
throughout the brain, except for the cerebellum. The expres-
sion of mOatpl4 in the isolated brain capillaries and the cho-
roid plexus was shown by Western blot. The uptake clearance
of T, by the cerebral cortex determined using the in situ brain
perfusion technique in mice was 580 pl/min-g tissue, 3-fold

of Pharmaceutical Sciences, University of Tokyo, Tokyo 113-

greater than that by the cerebellum, and a saturable compo-
nent (Michaelis constant, 1.0 um) accounts for the major frac-
tion of the total uptake. Taurocholate inhibited the uptake of
T4 by the cerebral cortex completely, but the inhibition by
estrone-3-sulfate was partial (50%). These results suggest that
transporters play a predominant role in the delivery of T, to
the brain, and mOatpl4 aceounts for estrone-3-sulfate inhib-
itable fraction, at least partly. The absence of inhibition by
digoxin, benzylpenicillin, leucine, and 2-aminobicyclo-(2,2,1)-
heptane-2-carboxylic acid for the uptake of T, by the cerebral
cortex suggests the presence of other unknown transporter
for T, uptake by the brain. Immunshistochemical staining
revealed basolateral localization of mOatp14 in the choroid
plexus in which it may also play a role in T, uptake. (Endo-
crinology 145: 4384-4391, 2004)

THYROID HORMONE IS critically involved in develop-

ment and function of the central nervous system. Se-
vere hypothyroidism during the neonatal period leads to
structural alterations, including hypomyelination and de-
fects in cell migration and differentiation, with long-lasting
and irreversible effects on behavior and performance,
whereas severe hyperthyroidism leads to a series of clinical
manifestations, including neurologic and psychiatric symp-
toms (1). In adults, 2 number of neurological and psycho-
logical symptoms, which can be corrected by proper adjust-
ment of the circulatory thyroid hormones, develops
depending on the alterations in thyroid state (2).

The thyroid hormones are produced by the thyroid gland.
L-T4, the prehormone, is the major form in the circulating
blood and is converted to the active form, Ts, by the iodo-
thyronine-deiodinase in peripheral organs. T, exerts its ac-
tion through the nuclear receptors and regulates the expres-
sion of genes, such as nerve growth factor, tropomyosin-
related kinase A (trkA), and common neutrotrophin receptor
P75 (p757™), in the brain (3). It has been proposed that

Abbreviations: BBB, Blood-brain barrier; BCH, 2-aminobicyclo-
(2,2,1)-heptane-2-carboxylic acid; dpm, decay per minute; E,178G, 176-
estradiol-p-178-glucuronide; E-sul, estrone-3-sulfate; K, inhibiton
constant; K,,,, Michaelis-Menten constant; Leu, leucine; MCT8, mono-
carboxylate transporter 8; mOatpl4, mouse Oatpl4; Oatpl4, organic
anion transporting polypeptide 14; rQatp14, rat Oatpl4; V, ..., volume
of brain distribution; V,,,, maximum uptake rate.
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serum-free T, and T concentrations correlate with the ac-
tivity level of thyroid hormone-dependent processes {free
hormone hypothesis) (4). To exert their effect in the central
nervous system, free thyroid hormones in the circulating
blood have to cross the barriers of central nervous systems,
the blood-brain (BBB)} and the blood-cerebrospinal fluid bar-
riers formed by the brain capillary endothelial cells and cho-
roid plexus epithelial cells, respectively. Dratman and col-
leagues (5, 6) investigated the contribution of the transport
via these pathways to thyroid hormone delivery to the cen-
tral nervous system using autoradiography. The distribution
of radioactivity associated with T,, Ts, and 1T, was limited
to the circumventricular organs after intracerebroventricular
administration, and so the transport across the BBB is consid-
ered tobe a major pathway for the delivery of thyroid hormones
in the circulating blood to regions of the brain (5, 6).

BBB is formed by brain capillary endothelial cells, which
are characterized by highly developed tight junctions and a
paucity of fenestra and pinocytotic vesicles. Due to these
characteristics, they act as a physical barrier to separate the
brain extracellular fluid from the circulating blood.
Pardridge (7} demonstrated saturable uptake of T, by the
brain using the intracarotid injection method (Brain Uptake
Index method) and suggested that there is a specific trans-
port mechanism for T; at the BBB. However, the transport
mechanism for T, across the BBB remains controversial. The
uptake of T, by the brain has been reported to be saturable
in dogs (8) but nonsaturable in mice (9). The reason for this
discrepancy remains unknown,
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