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Steady-State Pharmacokinetics of a New Antipsychotic Agent
“Perospirone and lts Active Metabolite, and Its Relationship
| with Prolactin Response

Norio Yasui-Furukori, MD, PhD,*} Hanako Furukori, MD, PhD, 1} Taku Nakagami, MD,f§
Manabu Saito, MD,} Yoshimasa Inoue,) Sunao Kaneko, MD, PhD,} and Tomonori Tateishi, MD, PhD*

Abstract: The authors investigated steady-state pharmacokinetics
of perospironie and its active metabolite hydroxyperospirone (ID-
15036) and its prolactin response in 10 schizophrenic patients receiv-
ing 16 mg twice daily. Plasma concentrations of perospirone, hy-
droxyperospirone, and prolactin were monitored just before and up to
12 hours after the dosing. Thereafter, the dose was decreased to 8 mg
twice daily in 8 patients, and drug concentrations were determined.
The geometric means of peak concentration (C™,,), time to C¥,,,
(tmex), 2r€a under the plasma concentration-time curve from 0 to 12
hours [AUC (0-12)], and elimination half-life at steady state were 8.8
ng/mL, 0.8 hours, 22.0 ng-h/ml, and 1.9 hours, respectively, for
perospirone, and those of C*_,,, t..,, and AUC (0-12) for hy-
droxyperospirone were 29.4 ng/mL, 1.1 hours, and 133.7 ng-h/ml,,
respectively. There were no differences in dose-pormalized C*,,, or
AUC (0-12) perospirone and hydroxyperospirone between 16
mg/day and 32 mg/day of perospirone. Changes in prolactin concen-
tration from 1 to 2 hours after the dosing were parallel with drug con-
centrations, and almost normal ranges of prolactin concentration were
observed before the morning dose despite steady state. The current
study indicated that perospirone is rapidly absorbed and rapidly elimi-
nated, which influences the prolactin response. The active metabolite
hydroxyperospirone may play an important role in the antipsychotic
effect because the plasma concentration of this metabolite is higher
than that of the parent compound.

Key Words: perospirone, hydroxyperospirone, plasma concentra-
tion, prolactin response, steady state
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Perospirone {cis-N-[4-[4-(1,2-benzisothiazol-3-y1)-1-
piperazinylibutyl]cyclohexane-1,2-dicarboximide) (Fig.
1) is a new serotonin 5-HT, and doparnine D, antagonist based
on receptor binding experiments.'” It has been reported that
perospirone was effective against positive, negative, and gen-
eral symptoms in patients with schizophrenia. Compared with
haloperidol 2 to 12 mg/day, perospirone 8 to 48 mg/day was
significantly more effective against negative symptoms and
tended to be more effective against general symptoms and
most positive symptoms in a trial in 145 patients with schizo-
phrenia and is well tolerated compared with haloperidol treat-
ment.> Based on these findings, perospirone has been mar-
keted in the treatment of acute and chronic schizophrenic pa-
tients in Japan since 2001.

Preclinical in vitro studies with human liver microsomes
and recombinantly expressed microsomes have suggested that
perospirone undergees hydroxylation, N-dealkylation, and S-
oxidation, which are catalyzed by CYP1Al, 2C8, 2D6, and
3A4.2* Contribution to perospirone metabolism is CYP3A4
>> CYP2D6 > CYP2C8 = CYP1Al. Of 17 metabolites of
perospirone, only hydroxyperospirone (1D-15036), in which
the cyclohexane-1,2-dicarboximide moiety is hydroxylated
(Fig. 1), bas pharmacologically active antiserotonergic effects,
although it has one-eighth the activiry of the parent compound
based on receptor affinity studies (K; 4.9 vs 0.61 M) and ani-
mal behavioral studies (ED50 93 vs 11 pg/kg).? In addition, a
phase 1 study using healthy volunteers showed that the plasma
concentration of hydroxyperospirone is higher than that of
perospirone after single or repeated oral doses of perospirone,
although subclinical doses were used.® Therefore, it is clini-
cally important for a pharmacokinetic and pharmacodynamic
study to detect not only perospirone but also hydroxyperospi-
rone in human plasma.

To our knowledge, however, there is no report of phar-
macokinetic profile at steady state for these compounds. Re-
cently, we developed a method for sensitive determination of
perospirone and hydroxyperospirone applicable in pharmaco-
kinetic studies.” Thus, we examined the dose-related pharma-
cokinetic profile at steady state of perospirone and hy-
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FIGURE 1. Chemical structure of perospirone (A) and hy-
droxyperospirone (ID-15036) (B).

droxyperospirone in schizophrenic patients receiving perospi-
rone. In addition, we investigated the prolactin response to this
drug.

MATERIALS AND METHODS

Subjects

The subjects consisted of 10 (3 male and 7 female)
physically healthy inpatients who met the criteria for schizo-
phrenia according to Diagnostic and Statistical Manual of
Mental Disorders, Version IV criteria.® The median age (and
range)} was 47.0 (30—72) years, and that of body weight was
62.5 (42-96) kg. The study protocol was approved by the Eth-
ics Committee of Hirosaki University Schoo! of Medicine, and
all patients gave their written informed consent to participate
in the study.

Protocol .

‘ The present study was performed independently of the

company promoting perospirone on the market (Sumitomo
" Pharmaceutical, Osaka, Japan) except for the donation of pure

compounds of perospirone and its major metabolite, hy-

droxyperospirone (ID-15036). All patients received 16 mg of

perospirone (Lullan®; Sumitomo Pharmaceutical, Osaka, Ja-
- pan) twice daily (8 am, 8 pM) for at least 2 weeks. No other
drugs were given except biperiden 4~6 mg in 2 patients, fluni-
trazepam 1-4 mg in 8 patients, and sennoside 1248 mg in 5
patients. After an overnight fast, each patient took an oral 16-
mg dose of perospirone with a cup of tap water at 8:00 aMm. No
food was allowed until 3 hours after the dosing. Blood sam-
plings (10 mL each) were performed just before and at 0.5, 1,
2,3,4, 6,8, and 12 hours after the dosing using a peripheral
intravascular catheter (JELCO*Plus® I'V catheter, Johnson &
Johnson, Belgium). Thereafter, the dose was decreased to 8 mg
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twice a day in 8 patients based on their mental status. Blood
samplings were performed at least 2 weeks after changing
doses in the same manner as on the first sampling day. Other
medications were fixed throughout the study period.

Assay

Plasma concentrations of perospirone and hydroxyper-

~ ospirone were determined by the HPLC method developed in

our laboratory.” The limits of quantifications were 0.3 ng/mL
and intra- and interassay CV values were less than 5% at 0.3
ng/mL of both compounds.

Plasma prolactin concentrations were measured by en-
zyme immunoassay (IMX Prolactin Dinapack, Dainabot Ltd,
Tokyo, Japan). The limit of detection of prolactin concentra-
tion was 1.0 ng/mL, and intra- and interassay CV values were
less than 5.6% at plasma concentrations of 8.0, 20.0, and 40.0
ng/mL. :

Data Analyses of Pharmacokinetics

The steady-state peak concentration [(C*),,.] and con-
centration peak time (t,,, ) were obtained directly from the
original data, The area under the plasma concentration—time
curve [AUC (0-12)] was calculated with use of the trapezoidal
rule. The terminal rate constant (k,) used for the extrapolation
was determined by regression analysis of the log-linear part of
the concentration—time curve for each subject. The elimination
half-life was determined by 0.693/k._. Mean residence times
(MRT) were calculated by AUMC/AUC, where AUMC is the
area under the moment-versus-time curve and was calculated
with use of the trapezoidal rule with time adjustment. Steady-
state volume of distribution (V) were calculated by (Dose
AUMCY(AUC » AUC). '

The paired t-test for the comparison of 16 mg/day versus
32 mg/day was conducted on pharmacokinetic parameters cor-
rected by daily dosage. A P value of 0.05 or less was regarded
as significant. PSS 8.0.1 for Windows (SPSS Japan Inc, To-
kyo) was used for these statistical analyses.

RESULTS

The pharmacokinetic parameters of perospirone and hy-

- droxyperospirone in 10 schizophrenic patients receiving 32

mg daily are summarized in Table 1. Individual plasma con-
centrations of perospirone, hydroxyperospirone, and prolactin
in 10 patients receiving 32 mg/day of perospirone are shown in
Figure 2. There was large individual variability of plasma con-
centrations of perospirone (20-fold) and hydroxyperospirone
(10-fold), respectively. However, 2 elderly fernale patients (68
and 72 years) with coadministration of flunitrazepam tended to
have higher plasma drug concentration [AUC (0-12h} 95
ng-h/mL and 108 ng-h/mL], compared with mean correspond-
ing value in other patients (19 ng'h/mL). There was no differ-

© 2004 Lippincott Williams & Wilkins
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TABLE 1. Steady-State Pharmacokinetic Parameters of
Perospircne, Hydroxyperospirone and Prelactin in 10
Schizophrenic Patients Receiving 32 mg/day of Perospirone

Geometric
Mean Range
Perospirone
(C%) o (ng/mL) 8.8 2.2-43.9
e (1) 0.8 0.5-2.0
AUC (0-12) (ng - /mL} 22.0 5.8-108
Vg (L) 1733 356-5246
MRT (h) 12 0.9-1.6
"t ) 1.9 0.8-3.3
Hydroxyperospirone .
(C5%) e (ng/mL) . 29.4 13.4-130.9
e (1) 1.1 0.5-2.0
AUC (0-12) (ng * /mL) 133.7 | 56484
Prolactin* :
Males
Predose concentration {ng/mL) 7.1 3.5-24.0
(C%),..., (ng/mL) 62.3 40.0-77.9
tinax (B 1.6 1.0-2.0
AUC (0-12) (ng - h/ml) 189.5 128.2-406.3
Females
Predose concentration (ng/mL) 9.0 3.0-45.4
(C5)max (ng/mL) 150.9 51.3-210.0
e () 1.2 1.0-2.0
AUC (0-12) (ng - h/mL} 4247 113.3-1170.0

*Normal range: 2-15 ng/mi..

ence in pharmacokinetic parameters between results with and
without coadministration of flunitrazepam. ,

There were no differences in dose-normalized peak con-
centration [{C*)_,,.] or AUC (0-12) of perospirone and hy-
droxyperospirone between 16 mg/day and 32 mg/day of
perospirone.

Although almost normal ranges of prolactin concentra-
tion (2-15 ng/mL)° were observed before the morning dose
despite steady state, plasma prolactin concentration increased
after the dosing. Hysteresis plots of prolactin concentration
versus perospirone concentration showed counterclockwise
rotation but linearity from I or 2 to 12 hours after the dosing in
both male and female patients (Fig. 3). These findings indicate
that the prolactin response lags behind the drug concentrations,

_but prolactin concentration decreased with perospirone con-
centration. The geometric mean of (C*),,, or AUC prolactin
concentration during the perospirone treatment in female pa-
tients was greater than that in male patients [(C*),, 150.9 vs
62.3 ng/mL, AUC (0-12) 424.7 vs 189.5 ng-h/mL], although
there was no significant difference because of the small num-
ber of male subjects.

© 2004 Lippincort Williams & Wilkins

DISCUSSION

Perospirone was rapidly absorbed (t,,, = 0.8 hour) com-
pared with such other neuroleptics as haloperidol (1.7
hours),!° chlorpromazine (1-4 hours),'! and zotepine (3.8
hours)'? and was also rapidly eliminated (tvs = 1.9 hours). This
pharmacokinetic profile suggests that perospirone has early
onset including sedative effects and early disappearance of its
efficacy when it is initiated and discontinued, although there
are no specific data about the receptor binding time of perospi-
rone and active metabolite(s) to date.

In the present study, steady-state plasma concentration
of hydroxyperospirone was higher than that of perospirone,
which is in line with a previcus phase 1 study. The results of
this study showed that exposure to hydroxyperospirone was
approximately 6-fold greater than that of perospirone. Hy-
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FIGURE 2. Interindividual plasma concentration-time curves
for peraspirone (top), hydroxyperospirone (ID-15036)
(middle), and prolactin {bottom). For prolactin, solid lines rep-
resent male and dotted lines represent female patients.
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FIGURE 3. Hysteresis plots of mean prolactin concentration
versus mean perospirone concentration in 3 male (top) and 7
female patients (bottom) following a 16-mg dose of perospi-
rone at steady state with repeated 16-mg doses twice daily.
Time of samplings is indicated. Horizontal and vertical error
bars indicate standard errors for perospirone and prolactin,
respectively.

droxyperospirone has a pharmacologically active antiseroton-
_ergic property, although'it has one-eighth the activity of its
" parent compound.® Thus, because of the greater plasma con-
" centration and pharmacodynamic potency between perospi-
rone and hydroxyperospirone, hydroxyperospirone may play
an important role in atypical antipsychotic effect.

There was large interindividual variability in plasma
levels of perospirone (20-fold) and hydroxyperospirone (10-
fold) despite similar doses. Thus, careful therapeutic drug
monitoring (TDM) of these compounds is recommended for
individualized medication control. However, 4 out of 10 pa-
tients had undetectable concentrations of perospirone just be-
fore the dosing. Also, with the exception of an elderly patient,
5 other patients had very low drug concentrations (Jess than 1.0
ng/mL). These findings suggest that accumulation of perospi-
rone at steady state is unlikely to occur at least up to 32 mg/day,
and trough concentration of perospirene [(C*);,] may not be
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suitable for TDM. Therefore, routine sampling time should be
changed from just before the dosing to a new sampling time
{eg, 4—6 hours after dosing). When individual optimal dosage
is calculated using TDM data, blood samplings at several time
points may be considered.

Two elderly female patients had a2 much higher plasma
drug concentration than other patients. These 2 patients were
concomitantly administered flunitrazepam. However, it is un-
likely that flunitrazepam has an inhibitory or inducing effect
on disposition of perospirone or hydroxyperospirone because
there was no difference between levels with and without flu-
nitrazepam coadministration. Thus, a further study is neces-
sary to confirm the effect of aging on pharmacokinetics or
pharmacodynamics of perospirone in a large number of sub-
jects.

No differences in dose-normalized drug concentrations
have been observed for perospirone and hydroxyperospirone.
We have several plausible explanations. In vitro studies
showed that CYP3A4 is responsible for the major metabolic
pathway from perospirone to hydroxyperospirone.® It is
known that CYP3A4 is a high-capacity enzyme, and the larg-
est amount is in human liver.'* In addition, preliminary animal
studies determined at least 10 metabolites of perospirone, in-
dicating that perospirone should have several alternative meta-
bolic pathways.

Only perospirone but not hydroxyperospirone has an-
tidopaminergic activity. The elevation of prolactin concentra-
tion after taking neuroleptics is associated with an antagonistic
effect on the dopamine D2 receptor.'*!* A clinical study’” has
suggested that prolactin levels in schizophrenic patients deter-
mined 1014 hours after perospirone dosing are within normal
range (2-15 ng/mL).° Likewise, prolactin concentrations be-
fore the moming dose were almost in the normal range in this
study, although prolactin concentrations were elevated with a
delay after the morning dose but decreased with elimination of
perospirone from plasma. Therefore, these findings imply that
blood sampling before the administration underestimate
perospirone-related hyperprolactinemia. Blood samplings at
several time points or a few hours after the morning dose are
recommended when there are adverse effects related to hyper-
prolactinemia.

In conclusion, perospirene is rapidly absorbed and rap-

* idly eliminated, thereby influencing prolactin response.

Plasma concentrations of perospirone and its active metabolite
hydroxyperospirone increased proportionately with doses.
The hydroxyperospirone may play an important role in the an-
tipsychetic effect because the plasma concentration of this ac-
tive metabolite is higher than that of the parent compound.
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Effect of localization of missense
mutations in SCNI1A on epilepsy
phenotype severity

K. Kanai, MD; 8. Hirose, MD; H. Oguni, MD; G. Fukuma, MD; Y. Shirasaka, MD; T. Miyajima, MD;
K. Wada, MD; H. Iwasa, MD; S. Yasumotoe, MD; M. Matsues, MD; M. Ito, MD; A. Mitsudome, MD; and
S. Kaneko, MD

Abstract—Background end Methods: Many missense mutations in the voltage-gated sodium channel subunit gene
SCN1A were identified in patients with generalized epilepsy with febrile seizures plus (GEFS+) and severe myoclonic
epilepsy of infancy (SMEI), although GEFS+ is distinct from SMEI in terms of clinical symptoms, severity, prognosis, and
responses to antiepileptic drugs. The authors analyzed the localization of missense mutations in SCN1A identified in
patients with GEFS+ and SMEI to clarify the phenotype-genotype relationships. Results: Mutations in SMEI occurred
more frequently in the “pore” regions of SCNIA than did those in GEFS+. These SMEI mutations in the “pore” regions
were more strongly associated than mutations in other regions with the presence of ataxia and tendency to early onset of
disease. The possibility of participation of ion selectivity dysfunction of the channel in the pathogenesis of SMEI was
suggested by a mutation in the pore region (R946C) identified in a SMEI patient. Conclusions: There was a significant
phenotype-genotype relationship in generalized epilepsy with febrile seizures plus and severe myoclonic epilepsy of
infancy with SCNIA missense mutations, More severe sodium channel dysfunctions including abnormal ion selectivity
that are caused by mutations in the pore regions may be involved in the pathogenesis of SMEL.

NEUROLOGY 2004;63:329-334

Mutations in several ion channel genes associated
_ with some epileptic syndromes have recently been
- reported.! In SCN1A, the neuronal voltage-gated so-
dium channel cl-subunit gene, missense mutations
first were identified in patients with generalized ep-
ilepsy with febrile seizures plus (GEFS+ [MIM
604236]),> an autosomal dominant epilepsy charac-
terized by febrile seizures in children (often persist-
ing beyond 6 years of age) and afebrile seizures in
adults. Since then, several patients or families of
GEFS+ with SCNIA mutations have been
reported.®?

De novo mutations of SCN14 also have been iden-
tified in patients with severe myoclonic epilepsy of
infancy (SMEI).2¢* SME! is a rare disorder, character-
ized by various types of generalized and partial sei-
zures (including myoclonic ones) initially induced by
fever, as well as by delayed psychomotor develop-
ment after the second year of life, and refractoriness
to drug therapy.! - .

To date, many kinds of SCNIA mutations have
been reported in SMEI patients.”*s Moreover,

SCNIA mutations have been identified in patients
who do not fulfill all the SMEI criteria (borderline
SMEI [SMEBJ12141%} and in those with intractable
childhood epilepsies with frequent generalized tonic-
clonie seizures [ICEGTC]?).

Truncation mutations generally cause a more se-
vere disturbance of protein functions than do mis-
sense mutations, almost all the reported truncation
mutations of SCNIA having resulted in the phenotype
SMEI, SMEB, or ICEGTC. Missense mutations ini-
tially were identified in patients with GEFS+ but later
in patients with SME], SMEB, and ICEGTC.7#1215
GEFS+ is distinet from SMEI in terms of its clinical
symptoms, severity, prognosis, and responses to anti-
epileptic drugs. Why do similar missense mutations in
SCNIA cause two such different phenotypes (GEFS+/
SMET)? Analysis of the phenotype-genotype relation-
ship in GEFS+ and SMEI patients with SCNIA
missense mutations will provide understanding of the
mechanisms of pathogenesis of those phenotypes, and
perhaps ultimately of epilepsy.

We carried out a meta-analysis of the missense
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Table 1 Summary of clinical information on SMEI/SMERB patients

Myoclonic Atypical  Onset, Family Mental
Patient Mutation Sex seizures absence mo history Ataxia Retardation Phenotype Segment Ref.

1 E78D SMEI N-terminal 8

2 R101Q M - - 6 Moderate SMEB N-terrminal 14

3 §103G F + - 3 Severe SMEI N-terminal 7

4 T1121 F + + 7 - + Severe SMEI N-terminal

5 G177E SMEI 52-83 ].i.llnker 8

6 WI90R F - + 7 - Moderate SMEI 83 14

7 12278 SMEX 54 8

8 12278 SMEI 54 8

9 12278 SMEI 54 8
10 G265W M + - 5 + - Mild SMEI 85 7
11 W280R SMEI S56-56 linker 8
12 T2971 F SMEI 5536 linker 8
13 G343E M - + 4 - + Severe SMEI 55-86 linker 7
14 R393H + + 6 + .+ Severe SMEI 5556 linker 13
15 Y426N SMEI I-1I linker 8
16 T808S/MN1011T M - - 9 - - Moderate SMEB 82 7
17 F301C M - - & - - SMEB 85 12, 16
18 Ro31C M + - 5 - + SMEY . 8586 linker 12, 16
19 Re31C F - - 6 - + SMEB 85-56 linker 12, 16
20 M9341 F + + 6 - Moderate SMEI 556-56 linker 14
21 M9o34I F - - 7 + Mild SMEB 5556 linker - 14
22 Ho39Q - - 45 - + Moderate SMEB  S5-S6linker 13
23 VO4dA F - - 5 - Moderate ' SMEB 55-56 linker 7
24 R946C F + - 1 + Moderate SMEL S5-86 Linker 14
25 R946C M - - 4 - Severe SMEB 85-56 linker 14
26 R946H F - - 4 + Severe SMEB 8556 linker 14
2T C959R + + 3 - +  Severe SME!  S5-S6linker 13
28 M9I60V F + + & + - Severe SMET 5556 linker T
29 GIT9R M - - 4 + - Severe SMEB 56 7
30 VassA M - - 3 + + Severe SMEB 58 7
31 N85I F + - 4 - - Severe SMEL S8 7

Blank = data not available; SMEI = severe myoclonic epilepsy of infancy; SMEB = horderline SMEL

mutations of SCNIA identified in patients with
GEFS+, SMEI, and SMEI-related disorders (SMEB
and ICEGTC) to clarify the phenotype-genotype rela-
tionships in GEFS+ and SMEI patients.

Subjects and methods. Subjects. Up to now, 68 missense
SCNI1A mutations have been reported in patients with GEFS+,
SMEI, and SMEB and ICEGTC. Of these, 12 were reported by our
group,5* 56 by others 246101214

‘We re-analyzed the phenotypes of all the patients reported and
clagsified them into three categories: core SMEI (SMEY), border-
-line SMEI (SMEB), and GEFS+, All those reported who fulfilled
the diagnostic criteria of the International League against Epi-
lepsy (ILAEY" were classified in the SMEI category. We defined
patients with SMEB as those who met most of the ILAE diagnos-
tic criteria but did not show both myoclonic and atypical absence
seizures. We re-analyzed all the cases of patients with borderline
SMEI2:46 and ICEGTC,” and classified all but one (V1611F) in
the SMEB category. We considered that the ICEGTC patient with
V1611F7 should be included in the GEFS+ spectrum, because of

330 NEURQLOGY 63 dJuly (2 of 2) 2004

the absence of myoclonic/atypical absence seizure, mental retarda-
tion, ataxia, aud brain atrophy.

In 13 reports,>%2% 42 missense mutations were identified in
45 patients with SME], 18 in 17 patients with SMEB, and 14 in
those with GEFS+ (tables 1 and 2), Two mutations (TS08S and
N10111) were identified in one SMEB patient.” Three mutations
(R931C, M9341, and R946C) were identified in both those with
SMEI and SMEB,2*16 two mutations (P1668A and M1852T) each
in SMEI and GEFS+,** and one mutation (T1709I) in SMEB and
GEFS+.7

The following clinical data on SMEI and SMEB patients were
reported: patients’ sex (n = 42),710121¢% digease onset {n =
48),7101216 evaluation of mental retardation (slight, moderate, se-
vere; n = 38),7%131% and presence of ataxia (n = 35).10.21438

To define the functional difference in the positions of muta-
tions in the SCNIA amino acid sequence, we used the database
SWISSPROT for the amino acid sequence of SCNIA and its pre-
dicted structure (SWISSPROT accession number P35498),

We defined the S5, S5-36 linker, and 86 segments of internal
homelogous domains as the “pore” region; the S4 segment as the
“voltage sensor” region; region in the four internal homologous
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Table I Continued

Myoclonic  Atypical  Onset, Family Mental

Patient Mutation Sex seizures absence mo history Ataxda Retardation Phenotype Segment Ref.
32 LS86F F + + 4 - + Moderate SMEL 56 10
33 S1231R M + - i - - Moderate SMEL 51
34 G1233R SMEL 51
35 F1263L F + 10 + - Severe SMEI 52 7
36 L1265P F - 6 - + SMEI 52 12, 16
37 Al1326P M - 8 + - Moderate SMEI 84 15
38 L1355P F - - 10 - Moderate SMEDB 35 14
a9 V1390M F - SMEI 55-36 linker 12
40 W1434R F + - 7 - + SMEL 55-56 linker 12, 16
41 WI434R + + 2.5 - + Moderate SMEI 8556 linker 13
42 QUS50R M - - 8 - + SMEB §5-56 linker 12,16
43 L1461l ‘ SMEL 86 8
44 F14638 SMEI 56 8
45 P16325 M - - 3 - - Severe SMEB 53-54 7

.46 R1648R F + - 3 + + SMEI 84 12, 16

47 F166138 + - 9 - - severe SMEL 84-85 Co13
48 P1668A P SME1 54-85 8
49 G1674R F - - 5 - + SMEB 85 12,16
50 A1685D ] M + - 3} + + Severe SMET 35 7
51 F15925 F + - 13 - Severe SMEI 85 14

T 52 Y1694C P + + 8 Severe sMEL 5 14
53 T17081 M - - 9 Moderate SMEB 8556 linker 7
54 G1749E + + -] Moderate SMEIL 8556 linker 13
55 M1780T SMEI 86 8
56 Y1781C M - + 10 + Mild SMEI 56 14
57 F1808L . F - - 1 - + Moderate SMEB C-terminal 7
58 Wi1812G M + - 5 - + Severe SMEIL C-terminal 7
) F183158 F + + 8 - + Severe SMEI C-terminal
80 M1852T SMEI C-terminal 9
81 ) E1881D M + + + - Severe SMEI C-terminal 15
62 Tis08K F o o+ - - ' SMEI  Cerminal 12,16

domains except “pore” regions as “other homologous domain” re-
gion; region in the four internal homologous domains except. 35-S6
(“pore™ and S4 (“voltage sensor”) segments as the “insulating”
region’®; and the regions except the four internal homologous do-
maing as “regions except the homologous domains,”

Statistical enalysis. Statistical analyses of the distribution
patterns of the missense mutations in SCNIA and evaluations of

mental retardation in the patient groups in the GEFS+, SMEI, -

SMEB, and tetal SMEI groups were made with the x? test on two
independent samples with SPSS software (SPSS Japan Inc.).
Fisher’s exact test was used for the statistical analyses of the
distribution of missense mutations within the four homolegous
domains in SCNIA, sex, and the presence of ataxia in these
groups. Differences in the medians of disease onset in the groups
were compared by the Mann-Whitney U test. All statistical tests
were two-sided.

Results. Figure 1A, table 1, and table 2 show the local-
ization of missense mutations in SCNIA. Many that
caused SMEI and SMER oceurred in the S5, $5-56 linker,
and S6 segments, considered the “pore” forming region in

sodium channels (see table 2). When the regions in SCN14
were arranged into three groups, “pore” region, “other ho-
mologous domain” region, and “region except homologous
domain” region, distribution patterns of the missense mu-
tations causing SMEI (“pore”other homologous domain™
“region except homologous domain®; 22/11/9) and SMEB
(13/2/3} did not differ (p = 0.3142), whereas those cauging
GEFS+ (4/8/2) and SMEI in the broad sense (SMEIBS;
including both SMEI and SMEB) (32/13/12) did (» =
0.0402). Furthermore, the ratio of missense mutations in
the pore regions to those in all four homologous domains
(32/45, 71.1%) was higher for the SMEIBS group than for
the GEFS+ group (4/12, 33.3%) (p = 0.0220), indicating
that missense mutations that occur in “pore” regions more
frequently are accompanied by the SMEI than the GEFS+
phenotype. :

In the SMEIBS group patients, mean disease onset
showed a tendency to earlier onset in those with mutations
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in the “pore” region {n = 31; 5.81 * 0.42 months = SEM)
than in those with mutations in the “insulating” region
{n =7;17.29 = 0.89 months) (p = 0.091, figure 2A).

Moreover, the ratio of SMEIBS patients with ataxia to '

those without it was higher in those patients with muta-
tions in the “pore” (15/20, 75%) than in the “insulating”
(1/6, 16.7%) regions (p = 0.018, figure 2B). There was no
significant difference among groups in terms of the other
clinical symptoms analyzed (sex and severity of mental
retardation).

Interestingly, we identified an R946C mutation in the
highly conserved DII S5-56 linker region*? (see figure 1, A
and B) in both the SMEI and SMEB patients.

Discussion. This study was carried out to answer
the question “Why do similar missense mutations in
SCNIA cause two such different phenotypes
(GEFS+/SMEI), although almost all the truncation
mutations of SCNIA result in SMEI?”

The a1 subunit of sedium channel consists of four
internally homologous domains, each containing six
transmembrane segments (51-S6). These four homol-
ogous domains are pseundosymmetrically arranged
around a central pore whose structural constituents
determine the selectivity and conductance properties
of the channel. Especially, S5 and S6 segments and
the S5-S6 linker line the permeation pathway, and it
has been proved that these segments can solely con-
sist of functional pore.® These segments are also
considered to play important roles in ion selectivity
(DEKA ring aligned in the sodium channel pore!?
~and the surrounding sequences near DEKA ring#)
and gating kinetics??2 that are crucial for generating

II @'

! 6ol

B

Human SCNVI4 D936-W937
Human SCN24  DB27-W04%
Human SCAST DO28-W949
Human SCN4A  DT46-W768
Human SCA3L DR&3-WI0d
Human SCNSS DO21-W942
Human SCN/04 DE3-WERSS
Ratyenia DY36.WIST L L R
Rat scnda D740-WJi61

* 2 m & & x4 e s+ a
s a e e ow e s e e

-----------
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the electromotive forces required for electrical
signaling.

With regard to other ion channels, several patho-
genic mutations in the pore regions of the chanmels
have also been reported. Autosomal dominant noc-
turnal frontal lobe epilepsy (ADNFLE} is caused by
mutations in the nicotinic acetylcholine receptor
(nAChR) o4 and B2 subunit genes CHRNA4 and
CHRNB2, and all mutations causing ADNFLE lie
within (or immediately adjacent to} M2, the putative
pore-forming region of nAChR.* Several mutations
causing benign familial neonatal convulsions also lie
within the pore forming region of the potassium
channel genes KCNQ2 and KECN@3,” including the
jon selective filter region in the pore.®

As stated, missense mutations in the pore regions
of SCN1A were associated with a more severe pheno-
type (SMEI phenotype, a complication of ataxia and
tendency of early disease onset) than were mutations
in other regions, although the power of analysis of
SMEI/GEFS+ phenotype was rather low, possibly
because of the small sample size of the GEFS+
group. The reason is not clear. What differences exist
in the sodium channel dysfunctions produced by mu-
tations in the pore regions and by those in other
regions have yet to be clarified. However, several
recent reports revealed that some SCNIA missense
mutations bearing GEFS+ or SMEI/SMEB were as-
sociated with altered channel activation/finactivation,
voltage dependency,®? and markedly reduced in-
ward sodium currents.?? One of the probable expla-
nations is that mutations in the pore regions may

Figure 1. (A) Distribution of reported
missense mutations in SCN1A.28.11-15
Solid circle: missense mutation identified
in severe myoclonic epilepsy of infancy
(SMEI patients; open circle: mutation
identified in borderline SMEI (SMEB);
meshed circle: mutation identified both
in SMEI and SMEB; open square: muta-
tion identified in generalized epilepsy
with febrile seizures plus (GEFS+); open
diamond: mutation identified both in
GEFS+ and SMEI/SMEB patients; open
triangle: mutation identified in patients
with idiopathic generalized epilepsy.
R946C is indicated by the arrow. (B)
Evolutionary conservation of arginine
residue 946 (R946) and amino acid
alignment near it. R946 and surround-
ing amino acid alignment are highly con-
served among SCN1A, SCN4A, end
scnda. R946 in SCN1A is comparable to
R756 in SCN4A and R750 in scnda (en-
closed by the dotted box).
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Table 2 Distribution patterns of missense mutations in GEFS+,
SMEI, SMEB, and the total SMET group

Segment GEFS+ SMEI SMEB  SMEIBS
51 0 2 0 2
S1-52 linker 1 0 0 0
52 1 2 1f 3
52-53 linker 1 1 0 1
53 1 1 i} 1
83-54 linker 0 0 1 1
S4* 3 3 0 3
S4-S5 linker 1§ 2§ 0 2
Ss5¢ 29 41 3 7
$5.56 linkert 2§ 12§ 8§ 17
S6+ 0 6 2 8
Interdomain linker 1 1 1t 2
N-terminal 0 3 1 4
C-terminal 1% 5 1 6§

* “Yoltage sensor” region in SCNIA.

T “Pore” forming region in SCNIA.

4 TB08BS/N10118S is counted both in S2 and in the interlinker do-
main.

§ P1668A and M1852T are counted in both GEFS+ and SMEI,
and T17091 in both GEFS+ and SMEB. -

9 F1692S is counted only in SMEI, because the father of the pa-
tient with F1692S showed only simple FS.

[lR931C, M934], and R946C are counted both in SMEI and
SMEB.

GEFS+ = generatized epilepsy with febrile seizures plus;
. SMEI = severe myoclonic epilepsy of infancy; SMEB = border-
line SMET; FS = febrile seizures.

produce more severe channel dysfunction, including
activation/inactivation dysfunction or abnormal volt-
age dependency, than those in other transmembrane
regions. This may also affect the patients’ phenotype,
i.e., GEFS+ or SMEL
Several other mechanisms are suggested as ex-
plaining why SCNIA missense mutations are found
in both GEFS+ and SMEI For example, not only the
localization of SCINIA missense mutations but also
_the type of missense mutations, i.e., amino acid resi-
" due substitutions, may be important in determining
- disease severity.'® This issue will be discussed in the
near future when more cases are made available. On
the other hand, different incidences of SCN1A muta-
tion among SMEI patients™®%2% have been reported
(33% to 100%), and these values are clearly higher
than those of GEFS+ patients (about 10% or less).3
In addition, families that have both SMEI and
asymptomatic subjects who share a common muta-
tion® were also reported. Those data suggest that
other responsible or modifying genes are involved in
the pathogenesis of GEFS+ or SMEI or both.%s
Another possible mechanism, directly related to
SCNIA missense mutations in the pore regions, is
suggested by the mutation of R946C, reported previ-
ously by our group.®

A

9
E 8
‘g 7
ES6
® 5
w0
5 4
o 3
g2
o1
0 :
pore voltage insulating CN-
region sensor regicn  terminal
With ataxia Without ataxia
pore region 15 5
insulating region 1 5

*:p=0.018

Figure 2. Result of clinical dote analysis. (A) Mean dis-
ease onset in the total severe myoclonic epilepsy of infancy
(SMEI) group classified by mutation location. Pore region;
mutations present in that region (S5, S6, or S5-S6 linker).
Voltage sensor; mutations present in the voltage sensor
region (S4). Insulating region; mutations in internal ho-
mologous regions other than the pore and voltage sensor
regions. C-/N-terminal; mutations in the C- or N-terminal.
*p = 0.091. (B) The number of subjects with/without
ataxia in the total SMET group divided according to the
mutation location. With ataxia; number of SMEI patients
with ataxia. Without ataxia; number of SMEI patients
without ataxia. * p = 0.018.

Sodium channels have some highly conserved re-
gions in their structure, i.e., the DII S5-S6 linker
segment (see figure 1, A and B). Mutated scada (1)
carrying R750C, comparable to R946C in human
SCN1A, is reported to have abnormal ion selectivity
(abnormal permeability to K* and NH,") in ex-
pressed cultured cells.?* Abnormal ion selectivity in
the mutated channels would affect several ion con-
centration gradients and neuronal excitability, and it
has been considered as one of the possible causes of
neuromuscular channelopathies.s* Although circum-
stantial, these findings suggest that abnormal ion
selectivity in the mutated channels contributes to
the SMEI phenotype of R946C. Similar mechanisms
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also may be involved in the pathophysiology or the
severe phenotype (i.e., the SMEI phenotype, ataxia,
and tendency to earlier disease onset) of other muta-
tions in the pore region.

Whereas we sought to analyze the localization of
missense mutations in SCNIA, several additional
factors should be involved in the pathogenesis of
SMEI/GEFS+ (e.g., types of amine acid residue sub-
stitutions). Furthermore, the truncation mutations
in SCNIA causing SMEI, of course, are also impor-
tant. Many truncation (and several missense) muta-
tions causing SME] lie in the C terminus of
SCN1A.** The C terminus in SCN1A would also be
important in the pathogenesis of SMEIL Further clin-
ical and neuroscientific studies are needed to clarify
these issues.
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Effect of itraconazole on the pharmacokinetics and
pharmacodynamics of a single oral dose of brotizolam

T. Osanai,' T. Ohkubo, N. Yasui,? T. Kondo® & . Kaneko?
'Clinical Research Center, Hirosaki University Hospital, Hirosaki and *Department of Neuropsychiatry, Hirosaki University School of
Medicine, Hirosaki University Hospital, Hirosaki, Japan

Aims
To assess the effect of itraconazole, a potent inhibitor of cytochrome PA50 (CYP)3A4,
on the single oral dose pharmacokinetics and pharmacedynamics of brotizalam.

Methods

In this randomized, double-blind, cross-over trial 10.healthy male subjects received
either itraconazole 200 mg or matched placebo once daily for 4 days. On day 4, a
single 0.5 mg dose of brotizolam was administered orally. Plasma concentrations of
brotizolam were followed up to 24 h, together with assessment of psychomotor
function measured by the digit symbol substitution test (DSST), visual analogue scales
and UKU side-effect rating scale.

' Tel/Fax: 481 17 39 5295 o
E- mall ok1231@cr.h1rosak1 uar.]p

Keywords B L
brotizolam, CYP3A4, drug mteract'.on.

itraconazdle, pharmacoklnencs Results

ltraconazole significantly (P < 0.001) decreased the apparent oral clearance (CL/F)
(16.47 £ 4.3 vs 3.91 + 2.1), increased the area under the concentration-time curves
(AUC) from O h to 24 h (28.37 £ 10.8 vs 68.71 £ 24.1 ng ml h™"), and prolonged
the elimination haif-life (4.56+ 1.4 vs 23272103 h) of brotizolam. The

']‘f‘;‘""‘:t_ioos AUC(0,24 h) of the DSST (P < 0.001) and the tem 'sleepiness’ of UKU (P < 0.05)
ugust were significantly decreased,
Accepted
30 April 2004 Conclusions :
" fraconazale increases plasma concentrations of brotizolam probably via its mhubitory
effect on CYP3A4 brotizalam metabolism.
introduction as equi-effective as brotizolam but 6-hydroxybrotizolam

Brotizolam, one of the triazolothienodiazepine deriva-

tives, is widely used as a short acting hypnotic-agent in -

Japan and Europe. Brotizolam is rapidly and completely
absorbed after oral administration, with an elimination
half-life in the range of 3-6 h [1]. Bioavailability of
brotizolam is assumed to be arcund 65% based on cal-
culating the ratio of the dose-normalized cumulative
amount excreted in four subjects [2]. Brotizolam is
metabolized almost completely into hydroxylated
compounds identified as a-hydroxybrotizolam and 6-
hydroxybrotizolam [3]. o-hydroxybrotizolam is almost

BrJ Clin Pharmacol | 585 | 476-481 | 476

has less activity than o-hydroxybrotizolam [4]. All
hydroxy metabolites are almost completely conjugated
to glucuronic acid and/or to sulfolic acid, which are
rapidly excreted in urine [3, 4]. A recent paper reported
that the brotizolam was metabolized to ¢-hydroxybroti-
zolam and 6-hydroxybrotizolam by CYP3A4 in human
liver microsomes [5]. It is well known that triazolam and
midazolam, which are benzodiazepines used as hypnotic
agents, are metabolized by the CYP3A subfamily in
vitro [6]. Furthermore, we reported that erythromyecin,
an inhibitor of CYP3A4, inhibits the metabolism of

© 2004 Blackwell Publishing Lwd
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alprazolam in healthy volunteers, which provided the
first in vivo evidence for the involvement of CYP3A4 in
the metabolic pathway of alprazolam [7]. The widely
used azole antifungal agents ketoconazole and itracon-
azole are also potent inhibitors of CYP3A4 [R-10].
These antifungal agents .strongly interact with orally
ingested midazolam and triazolam, increasing the AUC
values of these drugs by more than 10 fold (11, 12). It
- is considered likely that brotizolam would interact with
these antifungal agents but there are no in vive data
demonstrating this. In this study, we examined the effect
of itraconazole on the pharmacokinetics and pharmaco-
dynamics of brotizolam in healthy volunteers.

Methods

Subjects

The subjects were 10 healthy male volunteers. Their
mean * SD age was 33.7 £ 5.2 years and body weight
62.3 £ 4.6 kg. Their normal health status was confirmed
by medical history, physical examination and haematol-
ogy and blood chemistry tests. Five subjects were smok-
ers (210 cigarettes day™'), and the remaining five were
non-smokers. None of the subjects used any concomi-
tant medications. The study protocol was approved by
the Ethics Committee of Hirosaki University Hospital,
and each subject provided written informed consent to
participate.

Frotocol

The study was performed as a randomized, double-blind
cross-over trial, with a washout period of 6 weeks
between the two phases. The subjects took either itra-
conazole (200 mg) as a capsule formulation (Itrizole®,
Janssen-Kyowa Co. Ltd, Tokyo, Japan) or matched pla-
cebo (as a capsule formulation with the same appear-
ance and size as the itraconazole) once a day (between
"11.30 and 12.30 h) for 4 days. On day 4, the subjects
received a single oral 0.5 mg dose of brotizolam (Ren-
dormin®, Japan Boehringer Ingelheim Co. Ltd. Tokyo,

Japan) 1 h after the last dose of itraconazole or placebo. .

- No food was allowed until 3 h after brotizolam dosing.
The blood samples (10 ml each) were collected by
venepuncture into heparinized tubes at 0, 0.5, 1, 1.5, 2,
3,4, 6,8, 10, 12 and 24 h after the brotizolam dosing.
The blood samples were immediately centrifuged
(1900 x g) at ambient temperature and the plasma layer
was separated and stored at —40 °C until analysts.

Data analysis of pharmacodynarmnics

Psychomotor function status was evaluated at the same
time points as blood samplings in both the control and
itraconazole periods, This was done using the digit sym-
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bol substitution test (DSST), the number of digits cor-
rectly substituted with simple symbols, adapted from the
Wechsler Adult Intelligence Scale in 3 min, the items
‘thinking speed’ of visual analogue scale (VAS) of
mood and subjective states employed in the pharmaco-
dynamic assessment study of chlordiazepoxide [13], and
the item ‘sleepiness’ of the Udvalg for kliniske under-
sggelser (UKU) side-effect rating scale [14]. The DSST
variables were assessed by changed scores from base-
line. The areas under the response-time curves (AUC)
were determined by the trapezoidal rule for 0-24 h
for each pharmacodynamic variable. Plots of effect-
concentration data were made for mean values during
each treatment. Effects-concentration data from DSST
and UKU were inspected for the potential of pharmaco-
dynamic modelling.

Drug assay

Plasma brotizolam concentrations were measured in
duplicate by a high-performance liquid chromatogra-
phy (HPLC) method developed in our laboratory [15].
Triazolam (5 ng) was added to the plasma samples
(1 ml) as an internal standard, then the samples were
diluted with 5 ml of 1 M sedium chloride and the solu-
tion was briefly mixed. The mixture was applied to a
Sep-Pak Cyg cartridge. The cartridge was then washed
with 10 ml of water and 5 ml of 20% acetonitrile in
water. The desired fraction was eluted with 5ml of
40% acetonitrile in water. The eluent was evaporated
to dryness at 60 °C. The residue was reconstituted in
100 ul of mobile phase. The samples were injected
onto the HPLC. The lowest limit of detection was
0.5ngml™, and the coefficients of variation (both
intra-assay and interassay) were less than 8.9%.
Plasma itraconazole concentrations were measured
using a solid phase extraction combined with the
HPLC analysis method developed in our laboratory
[16]. Bifonazole (30 ng) was added to the plasmia sam-
ples {1 ml) as an internal standard, then the samples
were diluted with 5 ml of 1 M sodium chloride and the
solution briefly mixed. The mixture was applied to a
Sep-Pak C; cartridge. The cartridge was then washed
with 5 ml of water and 5m! of 40% acetonitrile in
water, The desired fraction was eluted with Sml of
80% acetonitrile in water. The eluent was evaporated
to dryness at 60 °C. The residue was reconstituted in
60 1 of ethanol and 40 pl of mobile phase. The sam-
ples were injected onto the HPLC. The HPLC column
used was a Grand Pack Cg-5 (MASIS Inc. Owani,
Japan) with mobile phase consisting of 0.5% KH,PO,
(pH 4.5) : acetonitrile = 47 : 53. An ultraviolet detector
was used to detect itraconazole and bifonazole. The
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detection wavelength was set at 263 nm. The recovery
of the extraction method was over 89.1% at several
itraconazole concentrations. The lowest limit of detec-
tion was 5ngml™ and the coefficients of variation
(both intra-assay and interassay) were less than 6.9%.

Data analysis of pharmocokmetfcs
The elimination rate constant (A;) of bronzolam was
estimated using linear regression analysis of the termi-

nal log-linear concentration-time data, and the elimi-

nation half-life (¢',) was calculated from 0.693/A,. The
area. under the plasma concentration-time curve from
0h to infinity (AUC(0,%0)) or total AUC, was calcu-
lated from AUC(0,24 h) + Cy/A,, where Cy is the
plasma concentration of brotizolam at 24 h after the
dosing. The apparent oral clearance (CL/F) was calcu-
lated from dose/total AUC. The peak plasma con-
centration (Cp.) and the time t0 Cpy (fnax) Were
determined graphically.

Statistical analysis

Results are expressed as mean values + SD and the 95%
confidence intervals for major differences between the
_phases. Pharmacokinetic and pharmacodynamic vari-
ables between the groups were compared by one-way

ANOVA. ANOVA followed by Tukey’s test was used for .

- pharmacokinetic analysis based on log-transformed
data, except for £,.., and ANOVA was also used for phar-
macodynamic values. A significant difference was
accepted when P < 0.05.

Results

The mean plasma brotizolam concentration-time data
during treatment with placebo or itraconazole are shown
in Figure 1. The mean (95% confidence interval) phar-
macokinetics parameters are summarized in Table 1.
When brotizolam was administered 1h after the last

dose of itraconazole, the oral clearance (CL/F) of bro-
tizolam was reduced 0.23 fold (95% CI 0.14, 0.32;
P <0.001), the AUC(0,24 h) was increased 2.6 fold
(95% CI 1.87, 3.39; P <0.002) and the elimination ¢t
increased 5.1 fold (95% CI 3.7, 6.5; P <0.001) com-
pared with control values. The #,,, of brotizolam was
also increased 4.2 fold (95% CI 2.4, 6.0; P < 0.01) dur-
ing itraconazole treatment, but the C,,,, was not signifi-
cantly higher, The second peak of brotizolam during
itraconazole treatment probably originated from interin-
dividual differences of measurement values. Plasma
itraconazole concentration-time data-on day 4 are shown
in Figure 2. The mean maximum concentration of itra-
conazole was 324.2 ng ml™. There was a 5-fold interin-
dividual variation in the C,,, of itraconazole. The mean

Plasma concentration
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0 L] 1 1 M . J
0 5 10 15 i) 25
Time (hre)

Figure 1

Plasma concentrations of brotizolam (mean + SO} after an oral dose of
0.5 mg brotizolam following daily pretreatment with itraconazale 200 mg
(@) or placebo (Q) for 4 days in 10 healthy volunteers

" Table 1

The pharmacokinetic variables of 0.5mg oral brotizolam (95% confidence interval, (85% CI)) in 10 subjects after pretreatment

with placebo or 200mg itraconazole once daily for 4 days
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Figure 2

Plasma concentrations (mean + SD} of itraconazole in 10 healthy
volunteers on day 4
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itraconazole concentration was over the 200 ng ml™" at
time O and over 100 ng 17 after 24 h in the co-adminis-
tration study. The mean AUCs (0,24 h) for each psycho-
motor function parameter are shown in Figure 3. The
CNS-depressant effects of brotizolam, assessed by sev-
eral psychomotor function tests, were observed for 24 h
with recovery evident 24 h after drug administration.
There were significant differences in the pharmacody-
namic parameters (AUC(0,24 h)) of DSST (-3.8; 95%
CI -7.41, 0.65; vs 9.1; 95% CI 5.06, 13.13, P <0.001)
and the item ‘sleepness’ of UKU (0.94; 95% CI 0.74,
1.14; vs 1.34; 95% CI 1.13, 1.54; P < 0.05) between the
control and itraconazole arms of the study (Figure 3).
No differences were found in AUC for any pharmaco-
dynamic variables in VAS including the item of ‘think-
ing’ (-12.4; 95% CI -15.58, -9.36; vs ~16.99; 95% CI
=20.10, —13.89; P =0.05) and ‘Spacy’ (-4.61; 95% CI
~7.41,-1.81; vs —1.61; 95% CI —4.41, 1.19; P=0.123)
(Figure 3). A plot of mean change of DSST and UKU
vs mean brotizolam plasma concentration shown in

@
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{£) 40
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Thinking speed (mm)

—40

Figure 3
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Results of the median score change in (a) digit symbol substitution test (DSST), (b) UKU side-effect tating scale (the item sleepiness), () VAS (thinking
speed) and (d) VAS (Spacy) after an oral 0.5 mg dose of brotizolam following pretreatment with itraconazole (@} or placebo (O}

Br J Clin Pharmacol | 585 | 479

—135—



I T. Osanai et al.

Change of D5ST

Plasma concentration (ng mi™ l)

& 2 r
15
£
A
z
< 05 |
0 l 1 L J
0 | 2 3 4 5
Plasma concentration (ng mi™ l)
Figure 4

Chenge of DSST

Plasma concentration {ng mi™ l)

Raw score

0 - L L
0 I .2 3 4 5.

Plasma concentration (ng ml"l)

« Plots of mean change in DSST in (a) control, (b) iraconazole and raw UKU score in (<) contral, {d) itraconazole vs mean brotizolam plasma concentration

Figure 4 illustrates counter-clockwise hysteresis in both
cases. ' ;

Discussion :
Recent studies have uncovered many potentially hazard-

ous interactions associated with the use of itraconazole,

e.g. interactions with oral midazolam [11], triazolam
[12] and zopiclone [17]. In the present study, itracona-
zole decreased CL/F, increased the AUC(0,24 h), and
prolonged the elimination )5 of brotizolam (Table 1).
The results of the psychomotor tests were in good agree-
ment with the pharmacokinetics findings (Figure 3).
These findings provide further in vivo evidence of the
involvement of CYP3A4 in brotizolam metabolism [5].

Previous studies have shown that itraconazole, in a -

dose of 200 mg day™, increased the mean AUC(0,20) of
triazolam by 27-fold [12], with significant linear corre-
lation between the plasma concentration of itraconazole
and AUC of triazolam [18}. Similarly, midazolam con-
centrations have increased 10-fold [11], supported by in
vitro evidence of high inhibitory activity of itraconazole
for CYP3A4 catalyzed hydroxylation of midazolam
[19]. The concentrations of itraconazole in the present
study were maintained at over 100 ng ml™" until after

480 | 585 | BrJ Clin Pharmacol

-

24 h, which appears to be high enough to inhibit the
metabolism of brotizolam catalyzed by CYP3A4 in
vivo,

Previous clinical studies suggested that itraconazole
inhibited P-glycoprotein-mediated drug transportation
{20, 21]. A recent in vitro study supported these results

- [22]. However, since two other benzodiazepines,

midazolam and flunitrazepam, were not transported by
P-glycoprotein in vitro [23, 24], it is unlikely that
brotizotam is a clinically significant” P-glycoprotein
substrate,

Itraconazole altered not only the pharmacokinetics
of brotizolam but also psychomotor function affected
by brotizotam (Figure 3). The more depressed psycho-
motor function during itraconazole co-administration
is probably explained by the elevated plasma concen-
trations of brotizolam. Physiological explanation for
counter-clockwise hysteresis in pharmacodynamics vs
plasma concentration plots (Figure 4) include delayed
distribution to the effect site, delayed effect and sensi-
tization or fatigue. Chronic tolerance also appeared to
develop with itraconazole freatment. Previous papers
have reported the development of tolerance to the
pharmacodynamic effects during contjﬁuous and con-
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stant plasma concentration of benzodiazepines [25,

26].

Therefore, the tolerance of brotizolam effects

may be due to continuously high plasma concen-
trations of brotizolam by metabolic inhibition with
itraconazole.

In conclusion, itraconazole significantly increases the

plasma concentrations of brotizolam, probably through

inhibition of CYP3A4, the major metabolic enzyme

responsible for in vive brotizolam elimination. Careful
choice of dose of brotizolam is necessary in patients
receiving itraconazole.
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A Missense Variation in Human Casein Kinase | Epsilon Gene

that Induces Functional Alteration and Shows an Inverse
Association with Circadian Rhythm Sleep Disorders
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" Recent studies have shown that functional variations in clock genes. which generate circadian rhythms through interactive positive/
negative feecback laops, contribute to the development of circadian rhythm sleep disorders in humans, Another potential candidate for
rhythm disorder susceptibility is casein kinase | epsilon {CKle), which phosphorylates clock proteins and plays a pivotal role in the circadian
dock To determine whether variations in CKie induce wulnerabifity to human circadian rhythm steep disorders, such as delayed sleep
phase syndrome (DSPS) and non-24-h sleep~wake syndreme (N-24), we analyzed all of the coding exons of the human CKle gene, Cne
of the variants identified encoded an amino-acid substitution $408N, eliminating one of the putative autophosphoryiation sites in the
carboxyl-terminal extension of CKle. The N408 allele was less commen in both DSPS (p=0028) and N-24 patients (p=0.035)
compared to controls. When DSPS and N-24 subjects were combined, based on an g priori prediction of a common mechanism
underlying both DSPS and N-24, the inverse association between the N408 allele and rhythm disordars was highly significant
(b =0.0067, odds ratio = 042, 95% confidence intervat 0.22-0.79). In vitro kinase assay revealed that CKle with the S408N variation was
~ 1.8-fold more active than wild-type CKle. These results indicate that the N408 aliele in CKle plays a protective role in the development

of DEPS and N-24 through alteration of the enzyme activity.

INTRODUCTION

In mammals, including humans, circadian cycles of
approximately 24 h are observed in behavior and physio-
logy, including cycles of sleep, hormone secretion, and core
body temperature. The master circadian pacemaker is
localized in the hypothalamic suprachiasmatic nucleus

*Correspondence: Dr T Ebisawa, Department of Neurcpsychiatry,
Saitama Medical School, 38 Morohonge, Moroyama-cho, Iruma-gun,
Saitarma 350-0495, Japan, Tel: +81 492 76 1213, Faxx +81 492 76
| 622, E-mail: tebisawa@saitama-med.acjp

Received 12 August 2003; revised 9 April 2004; accepted (2 May 2004
Online publfication: 15 May 2004 at http//www.acnp.org/citations/
Npp05150403365/defaultpdf

Neuropsychophamacology (2004) 29, 1901-1909, advance online publication, 9 June 2004; doi:! 0.1038/5.npp. 1300503

Keywards: casein kinase; polymorphism, single nucleotide; phosphorylation; biclogical clocks; case—control studies; risk factors

(SCN). Clock genes, Per1/2/3, Cryl/2, Bmall, and CLOCK
are expressed in the SCN and produce a nearly 24h cycle
through interacting positive/negative feedback loops (Har-
mer et al, 2001; Reppert and Weaver, 2002). BMAL! and
CLOCK proteins bind to E-box elements and activate
transcription of Per and Cry genes. As the PERs and CRYs
are translated, they enter the nucleus and inhibit BMAL1/
CLOCK-driven transcription in the negative feedback loop.
The circadian pacemaker is synchronized (entrained) to the
24 day, primarily by the environmental light/dark cycle.
Certain human sleep disorders, designated circadian
rhythm sleep disorders, are attributed to the disruption of
the circadian timing system (Weitzman et al, 1981; Camp-
bell et al, 1999; Wijnen et al, 2002). Patients with circadian
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1902 :
rhythm sleep disorders, such as delayed sleep phase

syndrome (DSPS), advanced sleep phase syndrome (ASPS),
and non-24-h sleep-wake syndrome (N-24), fail to adjust
their sleep/wake cycle to the daily schedule required for
social life. Despite normal sleep architecture, sleep onset
and offset are persistently delayed (DSPS) or advanced
(ASPS) compared to the societal norm. N-24 patients suffer
from daily delays of sleep onset and offset times, with the
consequence of progressive cycling through the 24h
environmental day. The pathogenesis of DSPS and N-24 is
not yet known, but several possible mechanisms have been
proposed: reduced sensitivity of the oscillator to photic
entrainment, a prolonged intrinsic period beyond the range
of entrainment to 2¢h day, and abnormal coupling of the
sleepfwake cycle to the circadian rhythm (Weitzman et al,
1981; Campbell et al, 1999; Uchiyama et al, 2000). It is
estimated that 0.13% (in Japan) (Yazaki et al, 1999), 0.17%
(in Norway) {Schrader et al, 1993), and 0.7% (in USA)
{Ando et al, 1995) of the general population suffer from
DSPS, while the prevalence of N-24 is lower. Genetic factors
reportedly confer predisposition to ASPS and DSPS {Ancoli-
Israel et al, 2001; Jones et al, 1999; Reid et al, 2001).

Analysis of animals and humans with altered circadian
rhythms demonstrated that casein kinase I epsilon (CKle)
(and presumably its most closely related homolog, CKIS)
plays a crucial role in regulating the circadian pacemaker
(Eide and Virshup, 2001). CKle (and CKI 8) phosphorylates
PER proteins, leading to their destabilization and relocali-
zation (Takano ef al, 2000; Vielhaber et al, 2000; Keesler
et al, 2000; Akashi et al, 2002; Camacho ef al, 2001). CKle/d
have long carboxyl-terminal (C-terminal) extensions, which
can be autophosphorylated, with the consequence of
autoinhibition of kinase activity (Graves and Roach, 1995;
Cegielska ef al, 1998). Double-time (dbt) gene, a Drosophila
homolog of mammalian CKIe, was shown to alter or ablate
circadian rhythm when functionally mutated (Price et al,
1998). In hamsters, a point mutation in CKIe that decreases
kinase activity causes the semidominant short-period tau
phenotype (Ralph and Menaker, 1988; Lowrey et al, 2000).
A 1ecent report showed that, in humans, familial ASPS can
be induced by a Per2 S662G mutation, which reduces
CKlz-induced phosphorylation of the PER2 protein
(Toh et al, 2001). We have reported that a Per3 gene
haplotype, in which one of the variatons lies close to the
CKlz target site and presumably alters PER3 protein
phosphorylation, is significantly associated with DSPS
(Ebisawa et al, 2001). These results suggest the possibility
that human CKI: (hCKle) gene may also be involved in
susceptibility to circadian rhythm sleep disorders.

Accordingly, wé set out to screen the complete coding
region of the CKIz gene, as well as adjacent exon-intron
boundaries for the presence of genetic variants in circadian
rhythm sleep disorder patients and controls.

MATERIALS AND METHODS
Subjects

In all, 98 DSPS patients (60 males; 38 females; mean age:
27.149.1 years) and 39 N-24 patients (29 males; 10 females;
mean age: 26.948.4 years) were recruited. Diagnosis was
assigned by a trained psychiatrist according to the
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International Classification of Sleep Disorders (1CSD1990)
criteria. All of the patients were unrelated, except for two
sibling pairs, of which each consisted of a patient with DSPS
and a patient with N-24. In a combined analysis of DSPS
and N-24, two of the DSPS subjects with siblings of N-24
were excluded from the DSPS/N-24 group to avoid an
increase in the Type I error rate. Neither of the sibling pairs
carried the S408N variation. Another three patients with
DSPS had relatives with probable DSPS, who were not
involved in this study, and another patient with N-24 had a
first-degree relative with severe insomnia. In all, 138 healthy
subjects were recruited as controls (81 males; 57 females;
mean age: 32.1+8.6 years). Control individuals were free
from sleep disorders or psychoses. All of the study subjects
were sighted. In total, 59 DSPS patients, 36 N-24 patients,
and 107 control subjects of the study population were
reported previously (Iwase ef al, 2002), while the others
were newly recruited for this study. In order to minimize
the effect of the population stratification, which may cause
false.results, all of the study subjects were Japanese and
recruited in mainland Japan. The controls were geographi-
cally matched to the patients. Written informed consent was
obtained from the subjects. The protocol was approved by
the ethics committee of Saitama Medical School and the
participating institutes.

Blood samples were drawn by venipuncture and genomic
DNAs were prepared from leukocytes using QIAamp DNA
Blood Maxi Kit or QIAGEN Blood & Cell Culture DNA Midi
Kit (QIAGEN, Hilden, Germany).

DNA Analysis

Polymerase chain reaction/single-strand conformation
polymorphism (PCR-SSCP) analysis was used to screen
for variations in all coding exons of the CKIz gene.
Fluorescein-labelled primers to amplify each of the coding
exons and adjacent exon-intron junctions were derived
from the genomic structure determined by alignment of the
cDNA and genomic sequence of hCKle (AB024597 and
AL020993, respectively) (Table 1). PCR was performed in a
total volume of 50 I containing 100 ng DNA, 0.5 uM of each
primer, 1x PCR buffer II, 0.2 mM dNTPs, 1.5mM Mg>*,
and 1.25 U of AmpliTaq Gold DNA Polymerase. Conditions
for PCR were preincubation at 95°C for 9min to denature
the DNA and to activate the polymerase, followed by 45
cycles at 95°C for 205, 63-68°C for 455, and 72°C for 1 mimn,
with a subsequent final extension step at 72°C for 10 min.
SSCP electrophoresis was carried out on a denaturing gel
in a DSQ-5005 DNA sequencer {(Shimadzu, Kyoto, Japan)
basically as described (Ebisawa et al, 2001). Briefly, 1l of
PCR products were mixed with 19 ul of formamide buffer
{90% formamide, 5mM EDTA, 10mg/ml Blue dextran),
heated at 80°C for 7 min, and 1.5 pl of the sample mixture
was electrophoresed ona 0 or 5% glycerol SSCP Gel at 20°C,
according to the manufacturer’s protocol. Genomic DNAs

in which variants were detected by SSCP were amplified

using primers that encompass the SSCP-amplified region,
and purified using QIAquick PCR Purification Kit
(QIAGEN). Sequence reactions were performed on both
strands using internal primers and the BigDye Terminator
Cycle Sequencing Ready Reaction Kit (Applied Biosystems,
Foster City, CA, USA) according to the protocol of the
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