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Electroencephalographic Study on Sedative Effect of Talipexole,
a Novel Antiparkinsonian Drug, in Rats with
Chronic Electrode Implants
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Talipexole (B-HT 920 CL,) is expected to be a novel antiparkinsonian drug with higher efficacy and lesser
gastrointestinal side effects as compared with conventional dopamine receptor agonists. On the other hand, because of D,-
and a,-autoreceptor stimulation by talipexole, it produces more marked sedative effects in clinical trial and animal
behavioral studies. In the present experiments, electroencephalographic (EEG) effects of talipexole were investigated in
unanesthetized rats with chronic electrode implants. The changes in the spontaneous EEG were evaluated during dark
time with rats which had been housed in a room maintained on a reversed light-dark cycle (lights on from 19 : 00 to 7 : 00)
for 7 days. Talipexole at 10 yg/kg, s.c. induced a slight drowsy pattern: high voltage slow waves in the frontal cortex and
disappearance of hippocampal theta rhythm. At doses of 32 and 100 ug/kg, s.c., talipexole caused a more marked drowsy
pattern in the spontaneous EEG and significant decreases in the sedative score assessed by simultaneous observations of
the EEG and behavioral motor activities. On the other hand, bromocriptine at | and 10 mg/kg, s.c. caused only a slight
and temporal drowsy pattern in the spontancous EEG without changing the arousal score. Then, the EEG arousal
response induced by electrical stimulation of the mesencephalic reticular formation was studied during light time in rats
which had been housed in a room maintained on a normal light-dark cycle (lights on from 7:00 to 19:00). Both
talipexole and bromocriptine slightly increased the threshold voltage to induce arousal response; however, the drug-
induced changes were not dose-dependent. These results indicate that talipexole exhibits a sedative effect at much lower
doses than bromocriptine, and that its sedative effect seems to be relatively weak and quite different from those noted with
sleep inducers.

Key words: Talipexole /” Antiparkinsonian drug / EEG ,/(rat).
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Fig 1 Chemical structure of talipexole.

Talipexole is a water-soluble compound. Its molecular weight is 282.24,

FEEN T3 (Hinzen et al., 1986; Irifune ef al., 1993), &
514z, talipexole 17 1% D, agonist fEF OMIZ a, agonist VEF &
FEooHN T3 (Hammer e al., 1980),

HATEE S NI EBRFEERIC BT, talipexole 13/ V—F >
VAR BENEEE L b, B, B, RECT
R EOBIEBRREER O W I EHEINTWE, —
7, talipexole 25 & /- BETE, EROFRENEL -
7o OKEFS, 1992, BR S, 1992 Fpg 5, 1993),

—#iz DA {ERZIE, D, HOZAEWRIENC & D DA 8
2N 270, B0 BREE FFD S v EBER R T,
% 7>,  {EFIZEE3 noradrenaline (NA) neurone 0 a, H V5%
FRRNRIC & 5 NA BEENG 27 L CE s EspikEe
LIEDBHIOENT WS, BE, o, fEFE#ETH 5 clonidine H &
FCIREZR I T I LS T % (Michocki, 1992),

UEDZ a5, tlipexole i3 D, BOZERER o, HTZ
BRER L TESER2ER T 2 L HEI NS, FHRKO
BEIR — HEERICH T 5 & DEEADHRENIE R I TRy,

ZF T, EH 5T talipexole 7 X A IREOFHETEET 2
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son (1982) DOEBIEEIZRE > T, AT YV AAF— LEHEIDOMN
BB A BB ZAA TS, BEAE 2 A AIROI I ATESE
fE, EEREE (Ar —52, L. 28, H: 23) B L UhieiEikis
(A: —108, L: 20, H: 85) Th 4%,

ERBIEE R 02 mm DGR 7 >V AR F — )V EEUEE
BT, 0.5 mm 72k 2 ERE L, B OEREL 0.5 mm~10
mm & U7z, BEROFEE I HBETRBC b R—0EMREEH
Uiz, HERKESFEROBRIE 1.5 mm 1E EHEEERELT,
HIEEZEE (frontal cortex) DIEE FREREWCEET 2L
WLAAT, REBIESEOSTERCERIAL A > » THE
FELIE, FNFNODIRT Y=V v by [FTL, V
TYRNEDLODS, HOLULEHER L/ TRAVEIEE
bz Xy b THEEL, BEBIUY 7y bON Y FFHH
SOBHELIZEIAE, TXRTEAYNTHE-F. itk 1A
BILLEARRSEL T, FMASESIWIBEL, ZFE L MES
EERTED X ol TER PRI,

3. RO SREITHE

) BERNE - BRESEOWENE

FEORER, BBEELAAEESERERO 2 TH
HER L LISy — VvV Er =YW AR, Bk - BREE
HEENCERI L7z, BIERY 7757 (RM-85M HASE
BE) FRAOCTIERE TR L 7. BEEEN, KEiEA
r—YDEECBEVWLEERFRMEL Y~ (X Loy
F5B) %, 7 b OKY¥, BEHFROEESPHEEL 2
(Shibata er al., 1994),

2) EFMhr BEEENC X 5 BFINTE score DELD 77

BRI - HEREHE b LI, BE—EEVLVORBE
& LT BENI score 2RV, Thbb, BFEETHEREE
B THEENALNIEEE 2 4, WELOALREELNA
SNDEEE+]1H, MELERSASNEEEF0HEL
72 B2 DZ Yy MZDWT, EYREAT L 125 150 min % T
@ score % 5 min BB TESR L7, 2D 5 5, 5% 60min F
TOEFIE score IZDWTEX DT v b OFELHERRD 2
(parametric data \ZZ5H), I OfE 2B CHEHICEE L2,
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Talipexole DRI BISEEHEA

3 iR E SR & SR EEE RS

TERE DV HVT WS I (RS, 1985) 1> T, ik
BRASRIBNC & 2R RERICRECE L EHET L. T2b
LR ESFRR I, BETERBEE (MSE-40 BHENE
) T Hv, MEREERGEEET 2720 O it
121E, 100 Hz pulse 18 0.2 msec OFFAE % FAv>, HIEEERI I S
sec il & Lz,

EY 5% 180 min £ T 30 min BB CHERISORES
& ORI 2 EE UG, BB O Z S R LT B
YR SETOFEEEE 100 » U, B E5HROKHERE
DECERLT:.

SEERHL T 212, pentobarbital sodium FFEF T 12 B RRER OHE
ZIAHERBIZImA OERER % 10sec Nz, 1% potas-
stum ferrocyanide £EEEEIEE B & OF 10% formalin £ BIEYE

CUHEHOMEER T, WEBHETE L, BE0E 2E
B CKBBROBELRBEAICHEEE LT,

4. EREMEEBREOBERTEIZOVT

talipexole (B-HT 920 CL,, 6-allyl-2-amino-35, 6, 7, 8-tetra-
hydro~-4H -thiazolo[4, 5-d] azepine dihydrochloride, Boehrin-
ger Ingelheim KG), bromocriptine (bromocriptine mesilate, 2-
bromo-a-ergocryptine mesiltate, Sandoz Pharma, A.G.) %, H
ER—=Y 2 — A PN LRSS R s,
FARFIZ talipexole W AEBH RIS ICYSEL, bromocriptine (33,
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BRI CHSMRF%1C NaOH THRIL, W 7 v MCET
w5,

talipexole DRETHE (10~100 pg/kg, sc.) 13, BIERITE)
FEBERBPEBETI L, BOTNTS—F L Y EETFL
BT 100 ug/ke, sc. B CHBMFANED S D 2 L 5%
& L TERFE L 7z, bromocriptine D#ETHE (1, 10 mg/kg, sc.)
BFHL - Y SREEROFED &4 % 3 88 talipexole
DI0EUETHL I L2 BEL CREL:.

5. HRETEEIQIE

EEBW TR mean=SE TH L, HEFREICIZ
Dunnett’s multiple-comparison test % FV 7z, EEREEEIC D
W FDOEER D UIRAEREER LT,

REBRER

1. BRBEICRITEE BRYEHESES Y b ToRe)

Ty b OESHRC b EHIC BT, SRR (EEAE
W% 5, talipexole #5.F¢, bromocriptine FED BRI - 1T
e RIS E R B U,

) SREE: PFEEERr —Y AN T2 8ET 2
&, LESSORIIEE HEEE, FC) TIRHMEELEN, ¥
5 HO) TR6~8HzOBMLEEEOEE KERN

BEFORE 60 min
FC "
100 v
HC libediik | " “‘ ‘:m 'L‘. (T
activity: - - - s T ——— S -
. i min
10 min 120 min
» alveb
- oh
~ ) L Lo 1 & e
-
30 min 150 min

Fic 2 Effect of saline on spontaneous EEG activity in a rat.

All records shown were obtained during dark time from a rat with chronic electrode implants, which had been housed
under reversed light-dark condition (19 :00-7: 00 light time), then spontaneous EEG were recorded before and 10-

150 min after s.c. injection of saline.

FC, Frontal cortex; HC, hippocampus; activity, motor activity indicated by up-down reflection measured by area

SENsOr.
indicates | min.

The vertical scales, at the right hand bottom in the panel before, indicate 100 4V, and the horizontal scale
Abbreviations and scales are the same for Fig'2-7.
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(theta J%) #34 STz, NBECIIAEAERE S 10min
BETEHESREIZ LA FRAUKESEZE s, L, 30
~150 min B2 T, FETIREETRERSBREIL, ¥
BB TIEEREIIE Ly theta J O BEIHHOSELAVCAARE] & 4 2R
/%% — > (drowzy pattern) PSEFITHIIR L 7z, 72721, BiEss

fBIR NS — 2 %R L T B35HE T I8 & BHUs R &
25k, BRI/ 51 B (Y — > (arousal pattern) 2%F
ol (Fi6 2 IKAFRFIERT).

2) talipexole 10, 32,100 ug/kg, sc: HE5H minB L D
BRI BOTHEE N Y — BB U7 (Fie 3~5 1085

BEFORE
FC . 4
e L
ACtIVIlY <o —en
! min
10 min 120 min
s P
i)
30 min 150 min

g

el
3
A

Fi 3 Effect of talipexole (10 ug/kg, s.c.) on spontaneous EEG activity in a rat.
Spontaneous EEG was recorded before (arousal state) and 10-150 min after injection of talipexole at 10 xg/kg, s.c.

Further legends are the same as those described in Fic 2.

BEFORE

120 min

W A

150 min

Fig 4 Effect of talipexole (32 ug/kg, s.c.) on spontaneous EEG activity in a rat.
See the legends in FiG 2 and 3, except injection of talipexole at 32 pg/kg, s.c.
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BEFORE

FC iy, ¥ > i

HC Ao

activity o« e

. I min
10 min

TN A b SN A

Il iy b SIS i it 6 byl axin bl

30 min

100 ;v

60 min
R L L R T L T

120 min

ek " - -

150 min

Fic 5 Effect of talipexole (100 zg/kg, s.c.) on spontaneous EEG activity in a rat.
See the legends in FiG 2 and 3, except injection of talipexole at.100 xg/kg, s.c.

FlERT), s OFELIIIBEE L B L ¢ 10 pg/ke TI
KER L, Rug/kg Ul ETHS DR EE T, 32 ug/
kg & 100 pg/kg & ORICHBEREN ZZRRD ML o
1o iz, BEOMER Sy — %, 5 10~60 min % THE b
HEEW2 D, 120min B TIRIRFMER L 721, 150min BT
e AEHEE L, 5 30~60min B2 B THEE NS —>

BEEIIRD SNDFETH, BPCRETHEE Y — o5
BTz,

3) bromocriptine 1, 10 mg/kg, sc.; 5 10~150 min #4812
D7 TR & BB DSEAEIR S5 — > L 2 B &
snre (Fie 6 .IWfREHIZRT), Lo L, EIICIEE EO
LI HEREE LRI R XD LR LEED L D

BEFORE 60 min
FC " ool s
" _| i iancid
HC war " " il s W ¢ e niwbliaich] i .
ACTIVILY ehbbedfemb A PSR b it e —
10 min 120 min
- - .
) AL
A Ay & i’ balik
k¥ T i ik
B I e e T paa s S A S e et BESE
30 min 150 min
e L
TR v i
i e

I min

Fic 6 Effect of bromocriptine (10 mg/kg, s.c.) on spontaneous EEG activity in a rat.
See the legends in FiG 2 and 3, except injection of bromocriptine at 10 mg/kg, s.c.
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WO R Fo#@

A) B)
E 1.6 L L =3
= 1.6 (n )(n 4
2 (n=4) (n=a) (n=4)
& 1.2 L TVn=4)n=4) 121 ks
~ *
[
g 0.8 1 0.8 +
&% 04 04
o
)
jz 0
Saline 10 32 100 Saline I 10
Talipexole (ug/kg) Bromocriptine
(mg/kg)
Fic 7 Sedative effects of talipexole (A) and bromocriptine (B)

according to sedative score.

Sedative effects were scored by the following rating
scale at 5 min intervals for 60 min after drug injections.
score +2: rats exhibit arousal state both in behavioral-
ly (motor activity) and EEG observations. score -+ 1:
rats exhibit arousal state only in EEG observation.
score O: rats exhibit drowsy pattern in EEG observa-
tions.

Values in the figure are mean+SE.

*P<0.05, Significant difference from saline-treated
animals (Dunnett’s multiple-comparison test).

BEFORE

FC M’{LMWA O i
;MT - .

—
1.8v
activity ¥

+

10 mm

,\'*{ L W“l MWM\#M%V M*Ml M?&WM
i WMMWMWM

18v
30 min
A
e
Tav

Thoiz,

DLE OISR 0 o, TSRO MERR %5 60
min DI RBLS NG &2 oz, 22T, MEYES 60
min % CTORKE & BFEB S b &0 U7z HRIKH score ¥
ERE LT, MEYOFEREENCHE L7, BRKE
score (O 60 min [EDFH)EL, talipexole Tl 32 pg/kg, sc. B
ETHEEIZET L7243, bromocriptine Tt 10 mg/kg, sc. T
YEEDZEIRA ST (Fic TA, B),

2. FhRHEERARESIC & DR R RS RIS T e
(ERPESHTERE 7 v F Tokst)

D SR v POFEHIH T I B LT, BN
RIRABESRIBIC L > THRE SN AMBEERRIS T 2
talipexole & bromocriptine DVEF % L L 72, REE2ED
Zv MEAL, ﬁ?ﬁl?ﬁﬁﬁﬁblﬂ@ﬁ¥¢2“ﬁ®ﬁ@ﬁmﬁ%
SNDHBHEBEEZEEL, KV TEYIRS 180min 4% TH
EEEOZLEEELT:,

7y MSTEI EEBREBIC D D, HEMESEEERY,
BE CIRAREL BB EBRE ORI < T OREE &
7457z drowzy pattern 2783 BFREIC, TREERHACH 2V O
BRRBEEINZ 5 &, KEOREII 725 EBERRE &7

60 min

TR,
‘“'“‘WW‘"MWWMWMW

20v

120 min

W’{%‘M W’*’f‘“““‘ﬁwww\v‘w%ﬁ oy

W»WHMM,WMM

2.0v
180 min
(00 v
(Wi ottt |
f
20v
5 sec

FiG8 Effect of talipexole (32 yg/kg, s.c.) on EEG arousal response to mesencephalic reticular stimulation in a rat.
All records shown were obtained during light time from a rat with chronic electrode implants, which had been housed
under normal light-dark condition (7: 00-19: 00 light time).
The mesencephalic reticular formation was stimulated electrically (100 Hz, 0.2 msec duration) for 5sec, and the
threshold voltage inducing arousal response was measured at respective testing time before and 10-180 min afer

injection of talipexole.
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B)

120

80 ¢

0 0
10 30 60 120 180 Before 10 30
Time (min)
[ Saline 7 Saline
[ Talipexole 10 g/kg E Bromocriptine 10 mg/kg

Talipexole 32 ,g/kg
Talipexole 100 ,g/kg

Fi6 9 Comparison of the effects of talipexole and bromocriptine on EEG arousal response to stimulation of mesencephalic

reticular formation.
Values are shown as the mean of 2 rats.

Threshold voltage inducing arousal response was measured as described in

the legend in FiG 8, and expressed as percentage of voltage obtained before drug administration.

D, HEOMEIZEIRIL 77 theta J 122 5 IR B BE G
(EEG arousal response) #SE5FE N7z, IEEERRICIE, Wih
ORIB X A EERIS S, FEGET B min BIZRHE L 72
(FiG 8, BEFORE),

2) EFMNTE score ZHEEICET & ¥/ talipexole 32 ug/
kg, sc. ORIEEHEIZRSH 18V THotzDiL, Eypk
B#&2 20V IZ LRI 2608% -7z (Fi6 8),

3) _EEO talipexole & FEE OBEEEOEENL, HH
X% score % Z5{L & ¥ 7z \> bromocriptine 10 mg/kg, sc #5
Bz bW o,

PLEE D, Y25 180 min 2 & THEHIBEEE ORI
talipexole 10, 32, 100 ug/kg THEMER FHEH/KERH BT D o 1
T, BMED _EEEP Y bromocriptine 10 mg/kg #5148 &[G
TH-iz (Fi9),

E &

T v M RBEEERETHE LR, EEHCERER L
Bk 2 [ERE i EIsE L, BFEMIE score % HEHE |2 talipexole &
bromocriptine OEEHERHIRE & FH-x.

SHEIER AP HRS UIRERIC B U T, B IR score
ik talipexole 10 pg/kg, sc. TIHBEELRZEILEZAEL T, 32~100
ng/ke sc. THEIETL:., Lo L, score D{ETF i 32~100
pe/kg TRIBETH >/, FEE, BENEEL S, ERE

& -k tahpexole ¥ 5 10~60 min 7212 B8 I HIER U 72 43,
150 min BINICIZ & A EHFE LTz,

talipexole it 32~100 ug/kg, sc. TRITFBELME b &
BL VR ERTE% 583, 32ug/ke sc TERRIZIFEITS
LD, R THEEANY — R ARESHEET 20, h
B OEE W ITHBERETH S LEZ2ohb, IO L
RIEEIERLETEHE Lz 7 v P OFEHICOWT, ThHE
FRAEBSRBIC L 2 ERERIC PRI LB R, S bR
INs,

E| KK score ZHEITE T &1 % talipexole 32~100 xg/
kg, sc. Tid, FIEEENSY LR T 2ERANRED SNH D
D, BEFBKHE score #Z LR ¥ 10 pg/ke, sc. L RIBEIC
LEEY, HERKEELTRE T,

SEFE D & 7z talipexole DIMFEAIVER 12, HERHET
CRNERER R T ABIERCHEEEOER L kel B
RAHLDTH-oT.

bromocriptine 1, 10 mg/kg, s.c. Tix, EFAKEE score iz b

TR DRI & 2 HEERICRIEIC b B8 Bug
winoiz,

SHEOEE %L, bromocriptine (2 EL#K L T talipexole 1
BEEETHEL VR ETIELEMAMELI EBREN
72, I o DOERIZEFRFEEIC BT 5 talipexole & bromo-
criptine DIRFDHIFEDE (KEFS, 1992, RS, 1992; Hb
Ao, 1993) 2HEAT2bDLEEZI OGNS,

talipexole #¢5.12 k » TEHEV ~VBMET T 3 FCO»
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ABSTRACT

We examined the roles of nitric oxide (NO) in methamphetamine
(MAP)-induced behavioral sensitization and enhancement of
striatal dopamine (DA) release using both in vivo and in vitro
methods. Repeated administration of MAP produced augmen-
tation of MAP-induced locomotor activity after 3-day with-
drawal of MAP and an enhancement of MAP-evoked DA re-
lease from striatal slices after 6-day withdrawal. When the NO
synthase (NOS) inhibitor N-nitro-L-arginine methyl ester (L-
NAME) was administered only during the period of MAP with-
drawal, the behavioral sensitization and enhancement of DA
release were attenuated significantly. In contrast, N®-nitro-p-
arginine methyl ester, an inactive isomer of L-NAME, exhibited
no such effect. When L-NAME was administered acutely before
the challenge injection of MAP, behavioral sensitization was
also attenuated only when the dose of L-NAME was high.

Coadministration of L-NAME with MAP did not block the de-
velopment of sensitization to MAP. We also examined whether
MAP-induced behavioral sensitization and enhancement of DA
release could be observed in vivo in a microdialysis experiment.
Challenge injection of MAP caused marked enhancement of DA
release in MAP-sensitized rats compared with saline-treated
controls corresponding to robust augmentation of locomotor
activity. When L-NAME was injected during the MAP with-

-drawal period, the enhancement of DA release and locomotor

activity induced by challenge injection of MAP were attenuated.
These results suggest that NO production plays a role in the
maintenance (expression) of MAP-induced behavioral sensiti-
zation and enhancement of DA release but not in the develop-
ment of these effects.

Repeated administration of psychostimulant drugs such as
AMP, MAP and cocaine produces a behavioral sensitization
referred to as augmentation of locomotor activity and stereo-
typed behavior (Hirabayashi and Alam, 1981; Kuczemski
and Segal, 1989; Roy et al., 1978; Tilson and Rech, 1973),
even after their long-term withdrawal. Biochemical studies
have shown that activation of nigrostriatal or mesoaccumbal
DA systems accompanies enhancement of DA release in both
. the striatum (Castaneda et al., 1988; Kolta et al., 1985;
Patrick et al., 1991) and NAc (Robinson et al., 1988; Wolf et
al., 1993).

LTP in the hippocampus and LTD in the cerebellum are
well-established models of synaptic plasticity. It is well
known that LTP requires the activation of EAA receptors,
especially NMDA receptor, for its induction but not for its
expression, because the NMDA receptor antagonist MK801

Received for publication January 16, 1995.

markedly blocks the induction phase of LTP (Cocan et al.,
1987; Swartzwelder et al., 1989). Moreover, it has been pos-
tulated that LTD in the striatum is required for the activa-
tion of glutamate- and DA (D, and D,,) receptors (Calabresi et
al., 1992a, 1992b), and we demonstrated that LTE of striatal
DA release required activation of NMDA receptors (Ochi ef
al., 1994). Therefore, corticostriatal glutamate- and nigro-
striatal DA neurons are thought to interact closely and ex-
hibited LTD or LTE.

Similar to LTP, LTD and LTE, the development of behav-
ioral sensitization has been reported to be blocked not only by
D, and D, antagonists (Hamamura ef al., 1991; Ujike et al.,
1989) but also by NMDA receptor antagonists (Pudiak and
Bozarth, 1993; Wolf and Khansa, 1991; Wolf et al., 1994) and
AMPA receptor antagonists (Karlar et al., 1991). Thus, the
mechanism of sensitization may resemble that of striatal
LTD or LTE in that both require the activation of DA and/or
EAA receptors.

ABBREVIATIONS: AMP, amphetamine; NO, nitric oxide; MAP, methamphetamine; DA, dopamine; NOS, nitric oxide synthase; L-NAME,
NE-nitro-L-arginine methy! ester; D-NAME, N®-nitro-p-arginine methy! ester; NAc, nucleus accumbens; LTE, long-term elevation; LTP, long-term
potentiation; LTD, long-term depression; EAA, amino acid; MK801, (+)-5-methyl-10,11-dihydro-5H-dibenzo-[a,d]cycloheptan-5,10-imine hydro-
gen maleate; NMDA, N-methyl-p-aspartate; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; SAL, saline; HPLC, high-perfor-
mance liquid chromatography; ECD, electrochemical detector; i.p., intraperitoneally; L-NA, N-nitro-L-arginine.
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It has been reported that the production of NO may be
involved in both the maintenance and expression of LTP in
the hippocampus (Haley et al., 1992; Iga et al., 1993; Mizu-
tani et al., 1993). These reports support the idea that NO
production may be responsible for both the maintenance and
the expression of sensitization induced by repeated adminis-
tration of psychostimulants. Recently, it was demonstrated
that the development of cocaine-induced behavioral sensiti-
zation was blocked by coadministration of the NOS inhibitor
L-NAME (Pudiak and Bozarth, 1993). Contrary to this re-
port, coadministration of L-NAME with AMP failed to block
the development of AMP-induced behavioral sensitization as
well as enhancement of DA release in the NAc determined
using a microdialysis method (Stewart et al., 1994). These
reports suggest that NO production is involved in the devel-
opment of cocaine- but not AMP-induced sensitization. How-
ever, the role of NO in the maintenance or expression of
MAP-induced sensitization has not been demonstrated.
Therefore, in this study, we examined whether L-NAME
attenuates the development and/or maintenance (expression)
of MAP-induced enhancement of DA release from the stria-
tum.

In the first experiment, we investigated whether repeated
administration of MAP caused behavioral sensitization ex-
pressed as an increase in locomotor activity after 3-day with-
drawal of MAP, and then we examined whether MAP perfu-
sion produced enhancement of DA release from striatal slices
after 6-day withdrawal of MAP. In the second experiment,
L-NAME was administered during the withdrawal period or
acutely injected before the challenge injection. Furthermore,
we confirmed in vitro results in an in vivo microdialysis
study. In the last experiment, we examined the effects on
behavioral sensitization of coadministration of L-NAME with
repeated injection of MAP.

Methods

Animals. Adult Wistar male 12- to 16-week-old rats (Seiwa, An-
imal Co., Fukuoka, Japan) were used in this study. They were
housed under a 12-hr light/dark cycle, and experiments were per-
formed between 1:00 and 5:00 .M. in the light phase of the cycle to
avoid any circadian effects on locomotor activity and/or DA release.

Drugs. L-NAME (Funakosi, Tokyo, Japan), D-NAME (Funakosi,
Tokyo, Japan) and MAP hydrochloride (Dainippon, Japan) were
used. All chemicals were dissolved in physiological SAL for in vive
experiments and in distilled water for in vitro analysis.

Drug treatment regimen. All rats were assigned to the follow-
ing groups (table 1): group A, repeated SAL or repeated MAP; group
B, repeated SAL or MAP and subsequent injection of L-NAME or
D-NAME during withdrawal period; group C, repeated SAL or MAP
followed by acute injection of L-NAME or D-NAME before challenge
injection; group D, coadministration of L-NAME with SAL or MAP;

TABLE 1
Experimental schedule

MAP challenge?

Repeated administration Withdrawal
Treatment
(days 1-6) (days 7-9) Day 10 Day 13
A SAL or MAP SAL MAP MAP
B SAL or MAP NAME MAP MAP
C SAL or MAP SAL NAME/MAP No-test
D NAME/SAL or MAP  SAL MAP No test
E SAL or MAP NAME MAP No test
@ MAP challenge was performed on day 10 in vivo and on day 13 in vitro.
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or group E, repeated SAL or MAP and subsequent injection of L-
NAME during withdrawal period.

Rats received SAL (groups A, B and C) or MAP (1 mg/kg i.p.)
(groups A, B, C and E) once daily for 6 days. On day 10 (3-day
withdrawal), rats were challenged with MAP (0.5 mg/kg i.p.) (groups
A, B, D and E) or L-NAME and MAP (group C). In groups B and E,
rats received injection of L-NAME or D-NAME only during the
withdrawal period (8 days) after chronic administration of MAP.
MAP challenge on day 10 was performed at least 24 hr after the last
injection to avoid the acute effects of this drug. In group C, L-NAME
or D-NAME was administered 30 min before challenge injection of
MAP. In group D, L-NAME (75 mg/kg i.p.) was administered 30 min
before daily SAL or MAP injection. In group E, rats were nsed for
microdialysis study at day 10.

Motor activity measurements. Activity counts (number of hor-
izontal and vertical movements such as locomotion and rearing) were
determined using an area sensor (Omuron, F5B, Tokyo, Japan) as
described in our previous report (Shibata et al., 1994). All animals
were injected in their home cages on days 1 through 6. On days 8 and
9, rats were placed in the recording chamber for 80 min of habitua-
tion time. Locomotor activity was recorded for 80 min after injection
of MAP and printed out on an Intelligence Printer (Muromachi
Kikai, Tokyo, Japan).

MAP-evoked DA release from striatal slices. Three days after
challenge injection of MAP, rats were decapitated, and the brains
were rapidly removed into ice-cold Krebs-Ringer’s solution (118.0
mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 1.2 mM MgCl,, 1.0 mM
NaH,PO,, 25.0 mM NaHCO, and 11.0 mM p-glucose), pH 7.4, equil-
ibrated with a 95% 0,/5% CO., gas mixture. Brains were then cut
sagittally into slices 450-um thick with a Sorvall tissue slicer. The
striatal part, including the white matter between the neocortex and
neostriatum of the slices, was dissected in ice-cold Krebs-Ringer’s
solution. In this way, we could obtain 8 to 10 slices from each rat.
After a 1-hr preincubation period, striatal slices were placed on a
dish in 1 m} of MAP-containing solution and incubated for 5 min at
37°C. At the end of the incubation in MAP-containing solution, the
solution was transferred immediately to a sample cup containing 100
plof 0.5 M HCIO, for quantification of DA release. The striatal tissue
containing DA was extracted with 200 pl of 0.5 M HC104 containing
0.1% NayS,05 and 0.1% EDTA through sonication in sample cups on
ice. After centrifugation at 10,000 X g for 10 min at 4°C, superna-
tants of both the incubation and sonicated solutions were collected
for measurement of DA content. DA content was determined with an
HPLC-ECD system, including a reverse-phase HPLC column
(ODS1181, 3 wm, 6.0 mm X 250 mm Erma, Tokyo, Japan) and ECD
(E-100, Eicom, Kyoto, Japan). The electrode potential was set at
+0.65 V against the Ag/AgCl reference electrode. The mobile phase
consisted of 0.5 g/l heptane sulfonic acid (Tokyo Kasei Inc., Tokyo,
Japan), 1 mM EDTA (Sigma) and 8% acetonitrile (Hayashi Pure
Chemical, Osaka, Japan) and was adjusted to pH 3.0 with orthophos-
phoric acid (Merck). The flow rate was 1.0 m/min. Data were ana-
lyzed with a chromatographic integrator (model 730, Waters). Per-
cent release was calculated using the values obtained from the DA
content in incubation medium (A) and the DA content remaining in
the tissue (B). Percent release of DA was calculated with the follow-
ing equation: 100 X A/A + B).

Striatal tissue was pooled for the MAP-induced DA release in
vitro, and the results were averaged across all SAL- or MAP-treated
slices. MAP-induced DA release in vivo was determined by microdi-
alysis for each individual rat.

Microdialysis study. For the surgical procedure, rats were anes-
thetized with sodium pentobarbital (35 mg/kg i.p.) and mounted in a
stereotactic frame. A burr hole was drilled in the skull, and a guide
cannula was placed in the striatum (A 0.7 mm, L 2.6 mm, H 3.2 mm
from skull surface) following the brain atlas of Paxinos and Watson
(1982). After a 2-day recovery period, rats were injected with SAL,
MAP or L-NAME according to the drug treatment regimen. For the
dialysis procedure, microdialysis probes extended 3 mm beyond the
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guide cannula. Probes were perfused at 2 pl/min with Krebs-Ringer’s
solution (147 mM NaCl, 2.3 mM CaCl,, 4.0 mM KC], pH 7.4). Sam-
ples collected over periods of 20 min (40 ul) were injected immedi-
ately into an HPLC-ECD system (Eicom). The ECD electrode poten-
tial was set at 0.60 V against the Ag/AgCl reference electrode. The
mobile phase consisted of 7.3 g/l citric acid, 4.0 g/l sodium acetate,
130 mg/l octane sulfonic acid, 5.0 mg/l EDTA and 15% MeOH, and
flow rate was set at 1.0 ml/min. In addition, a microdialysis study
was performed with simultaneous measurement of the locomotor
activity using the area sensor.

Data analysis. Data were analyzed with the use of one- or two-
way analysis of variance, followed by ¢ test with Bonferroni’s correc-
tion for each comparison.

Results

Enhancement of DA release from striatal slices in
MAP-sensitized rats. Rats were injected daily with SAL or
MAP (1 mg/kg i.p.) for 6 days. On day 13 (6-day withdrawal),
rats were killed and MAP-evoked (107* to 1077 M) striatal
DA release was measured (table 1, group A). The number of
slices used in this experiment ranged from 12 to 35 corre-
sponding to 4 to 11 rats. MAP revealed significant enhance-
ment of DA release in a concentration-dependent manner
[F(3,141) = 96.0, P < .001]. Statistical significance was de-
termined with two-way analysis of variance [F(3,141) = 3.1,
P < .05], and post-hoc analysis showed significant enhance-
ment of DA release between SAl-treated and MAP-sensi-
tized rats at both 1075 M (P < .001, ¢ test) and 107* M (P <
.05, t test) (fig. 1). Therefore, the concentration of MAP was
fixed at 107° M in the following experiments.

Effects of L-NAME on maintenance of sensitization.
There were significant differences between groups
[(F(7,3T)="7.4, P < .001], and a significantly greater increase
in locomotor activity in response to MAP (0.5 mg/kg ip.)
challenge at day 10 was observed in MAP-sensitized rats
compared with those treated with SAL (P < .001, ¢ test)

304
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Fig. 1. Concentration-response curve of MAP-evoked DA release from
striatal slices in MAP-sensitized rats. Rats were injected daily with SAL
or MAP for 6 days. On day 13, rats were killed, and MAP-evoked striatal
DA reiease was measured. The Y axis indicates the percentage of
release of DA evoked by MAP perfusion. Data points indicate mean =
S.E. Data were analyzed by two-way analysis of variance followed by t
test with Bonferroni’s correction for comparison of each concentration.
Points are from 14 to 35 slices for SAL (n = 4-11) and 12 to 20 slices
for MAP (n = 4-6). ==xP < .001, *P < .05 vs. SAL-treated group (t test).
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(table 1, group A). L-NAME (1-75 mg/kg) was administered
during the 3-day withdrawal after 6 days of injection of MAP
(table 1, group B). Repeated administration of L-NAME sig-
nificantly attenuated the maintenance of MAP-induced sen-
sitization of locomotor activity (P < .05; fig. 2A), whereas
D-NAME had no such effect (P > .05, ¢ test). The rats treated
with SAL for 6 days and subsequent injection of L-NAME for
3 days did not show alteration in their basal response to MAP
challenge 24 hr after the last I-NAME injection.

There were significant differences between groups
[F(7,106) = 5.9, P < .001], and enhancement of DA release by
MAP (107° M) perfusion was observed at day 13 between
SAL-treated and MAP-sensitized rats (P < .001, ¢ test) (table

A: locomotor activity
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locomotor activity

200

100+

0

B: DA release
2001(%)
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100 7

DA release (% of control)
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SAL

Fig. 2. Effects of L-NAME treatment during MAP withdrawal on chal-
lenge injection of MAP-stimulated locomotor activity (A) and challenge
perfusion of MAP-evoked DA release from striatal slices (B). Rats were
injected daily with SAL or MAP for 6 days. SAL, L-NAME or D-NAME
was administered on days 7 through 9. On day 10, MAP-stimulated
locomotor activity was observed. On day 13, rats were kilied, and
MAP-evoked striatal DA release was measured. The data are shown as
mean + S.E. A, Locomotor activity was measured for 80 min. Columns
are from SAL/SAL (n = 13), MAP/SAL(n = 8), MAP/L-NAME (n = 4 for
each dose), MAP/D-NAME (n = 4) and SAL/L-NAME (n = 4). B, MAP-
evoked (10™° M) DA release from control striatal slices in figure 1 was
regarded as 100%. The number of slices used in this experiment
ranged from 8 to 42 corresponding to 4 to 13 rats. The data were
analyzed by one-way analysis of variance followed by t test with Bon-
ferroni’s correction. =P < 001, %P < .01 vs. SAL/SAL group (t test).
##P < .01, #P < .05 vs. MAP/SAL group {t test).
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1, group A). In L-NAME-treated rats, the enhancement of DA
release by MAP at day 13 was abolished (P < .01 for .-NAME
10 mg/kg, P < .05 for L-NAME 30 mg/kg, ¢ test; fig. 2B) (table
1, group B). In contrast, D-NAME had no inhibitory effect
against MAP-evoked enhancement of DA release. After re-
peated SAL administration for 6 days followed by repeated
L-NAME injection for 3 days, MAP challenge was applied in
vivo at day 10 and in vitro at day 13. L-NAME did not affect
MAP-induced locomotor activity or MAP-evoked (10~° M) DA
release.

Microdialysis study. In vive DA release was measured
using microdialysis in freely moving rats. In this study, we
measured locomotor activity simultaneously. Challenge in-
Jection of MAP (0.5 mg/kg i.p.) induced a marked increase in
DA efflux in MAP-sensitized rats compared with SAL-treated
controls. This enhancement lasted for =80 min and returned
to base line between 160 and 200 min after injection. The
dose of L-NAME was set at 30 mg/kg because this dose
showed an adequate inhibitory effect on MAP-sensitization,
as shown in figure 2. Statistically significant differences were
observed by using two-way analysis of variance for both
locomotor activity [between groups, F(2,8) = 30.1, P < .001;
between time points, F(5,40) = 25.5, P < .01; time X group
interaction, F(10,40) = 9.7, P < .01] (fig. 3A, left) and DA
release [between groups, F(2,8) = 22.0, P < .001; between
time points, F(5,40) = 34.3, P < .001; time X group interac-
tion, F(10,40) = 2.5, P < .05] (fig. 3B, left). Significant dif-
ferences in locomotor activity at each time point were ob-
served at 40 to 80 min after challenge injection (P < .001 for
40 min, P < .01 for 60 and 80 min, ¢ test) and DA release at
40 and 80 min (P < .05, t test).

When these data were analyzed for total locomotor activity
and total DA release for 80 min, significant differences were
observed in both locomotor activity [F(2,8) = 30.1, P < .001]
(fig. 3A, right) and DA release [F(2,8) = 22.0, P < .001) (fig.
3B, right), and post-hoc analysis showed significant differ-
ences between SAL-treated and MAP-sensitized rats (P <
.001, ¢ test), and between MAP and MAP/L-NAME-treated
rats (P < .001, P < .01, ¢ test).

Effects of L-NAME on expression of sensitization.
L-NAME and D-NAME were administered 30 min before
challenge injection of MAP (table 1, group C). Statistically
significant differences were observed using one-way analysis
of variance [F(7,22) = 6.2, P < .001]. Acute injection of
L-NAME produced a dose-dependent suppression of the
MAP-induced increase in locomotion (fig. 4). Although behav-
ioral sensitization completely disappeared after application
of L-NAME (75 mg/kg) (P < .01, ¢ test), D-NAME (75 mg/kg)
failed to inhibit MAP-induced sensitization.

Effect of L-NAME on development of sensitization.
Statistically significant differences were observed using one-
way analysis of variance [F(3,18) = 8.7, P < .01]. Challenge
injection of MAP (0.5 mg/kg i.p.) showed marked sensitiza-
tion of locomotor activity in MAP-sensitized rats P <.01,¢
test) (table 1, group D). L-NAME administered 30 min before
each daily MAP injection did not block the development of
MAP-induced sensitization of locomotor activity (P < .05, ¢
test) (fig. 5). With this treatment schedule, locomotor activity
was slightly enhanced by L-NAME, but the difference did not
reach the level of significance.
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Fig. 3. Effects of L-NAME treatment during MAP withdrawal on chal-
lenge injection of MAP-induced (0.5 mg/kg i.p.) locomotor activity (A)
and DA release in an in vivo microdialysis study (B). Rats were injected
daily with SAL or MAP for 6 days. SAL or L-NAME was administered on
days 7 through 9. On day 10, MAP-stimulated locomotor activity, and
MAP-evoked striatal DA release was observed. The number of animals
was 4 for SAL/SAL, 4 for MAP/SAL and 3 for MAP/L-NAME groups. A,
Time course of locomotor activity counts induced by MAP challenge
(left) and total activity counts for 80 min induced by MAP challenge
(right). All rats received MAP at time 0, and locometor activity counts
were measured for 80 min. B, Time course of striatal DA release
induced by MAP challenge (left) and total DA release for 80 min induced
by MAP challenge (right). Basal DA release for 40 min (2 fractions)
before challenge injection were SAL/SAL rats, 106.17 = 12.18 fmol/40
pl; MAP/SAL rats, 105.87 = 25.5 fmol/40 ul; and MAP/L-NAME rats,
124.5 * 16.4 fmol/40 wl. No significant differences in basal DA release
were observed between groups; therefore, the basal DA release in each
group was set as 100%. The data were analyzed by two-way analysis
of variance followed by ¢ test with Bonferroni’s correction. #=+P < 001,
#xP < .01, #P < .05 vs. SAL/SAL group (t test). ###P < .001, ##P < .01,
#P < .05 vs. MAP/SAL group (t test).

Discussion

In the present study, we examined the role of NO in MAP-
induced sensitization of locomotor activity and striatal DA
release. Repeated administration of MAP for 6 days produced
augmentation of locomotor activity when rats were chal-
lenged with MAP (0.5 mg/kg i.p.) after 3-day withdrawal and
enhancement of MAP-induced (1075 M) DA release from
striatal slices after 6-day withdrawal. Previous studies dem-
onstrated enhancement of DA release from striatal slices
after 3- to 14-day withdrawal (Kolta et al., 1985; Robinson
and Becker, 1982), in agreement with our present results. In
addition, we demonstrated in a microdialysis experiment
that striatal DA release was significantly enhanced, corre-
sponding with increased locomotor activity in MAP-sensi-
tized rats challenged with MAP. Enhancement of in vivo DA
release by AMP challenge was not observed in NAc after
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Fig. 4. Effect of acute treatment of L-NAME on MAP-induced sensiti-
zation of locomotor activity. Rats were injected daily with SAL or MAP
for 6 days. On days 7 through 9, SAL was administered. On day 10,
MAP-stimulated locomotor activity was observed 30 min after injec-
tions of L-NAME and D-NAME. Columns are from SAL (n = 5), MAP (n
= B), L-NAME (n = 3 for 30 mg/kg, 5 for 75 mg/kg) and D-NAME (n =
4). L-NAME or D-NAME was administered 30 min before MAP chal-
fenge. The data were analyzed by one-way analysis of variance fol-
lowed by t test with Bonferroni’s correction. =+P < .01, *P < .05 vs.
SAlL-treated group (t test). ##P < .01 vs. MAP-treated group (t test).
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Fig. 5. Effect of L-NAME on the development of MAP sensitization.
L-NAME (75 mg/kg) was administered with daily MAP injection for 6
days. On days 7 through 9, SAL was administered. On day 10, MAP-
stimulated locomotor activity was observed. Columns are from SAL (n
= 6), MAP (n = 8) and L-NAME (¢ = 4). The data were analyzed by
one-way analysis of variance followed by t test with Bonferroni’s cor-
rection. =P < .01, P < .05 vs. SAL-treated group (t test).

3-day withdrawal, suggesting that the autoreceptor subsen-
sitivity in VTA is predominant in this period (Wolf et al.,
1993). This discrepancy may be accounted for by the differ-
ences between the two brain regions analyzed (striatum and
NAc) and by efficacy differences between AMP and MAP.
When L-NAME, an inhibitor of NOS, was administered
during the MAP withdrawal period, the sensitization of loco-
motor activity and striatal DA release were abolished,
whereas D-NAME, an inactive isomer of L-NAME, had no
effect. L-NAME administered during the withdrawal period
did not alter basal response to MAP challenge. We also ob-
served this effect using an in vivo microdialysis method;
furthermore, when L-arginine (300 mg/kg i.p.), a precursor of
NO, was administered with L-NAME during the MAP with-
drawal period, inhibition of sensitization of locomotor activ-
ity by L-NAME 75 mg/kg (75 *= 30.3, n = 4) was partially
reversed (250.8 * 56.3, n = 4). Therefore, the effect of L-
NAME observed in this study may be related to its inhibition
of brain NOS. In the present experiment, the last injection of
L-NAME was performed =24 hr before the challenge injec-
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tion of MAP. It was demonstrated previously that single or
repeated injection of L-NAME (10 or 75 mg/kg i.p.) greatly
reduced NOS activity in various brain regions (Bannerman et
al., 1994; Salter et al., 1995), that NOS inhibition by L-NA
was still apparent 24 hr after the last injection and that this
inhibition was caused by the long biological half-life of 1-NA,
not by irreversible inhibition of NOS (Tabrizi-Fard and Fung,
1994). Although we do not know whether L-NAME is still
present on day 10 for in vivo experiments, L-NAME should be
gone on day 13 for in vitro experiments. Acute injection of
L-NAME reduced the response to MAP in both SAL- and
MAP-treated rats, and the same results were observed in a
previous report (Abekawa et al., 1994). Chronic coadminis-
tration of L-NAME with MAP did not block the MAP-induced
development of the sensitization, and this result is in agree-
ment with those of previous study (Stewart ef al., 1994),
although it is unclear at present why repeated administra-
tion of L-NAME for 6 days seemed to enhance the locomotor
stimulation by MAP challenge on day 10. Thus, the present
results indicated that L-NAME blocked the maintenance and
expression but not the development of MAP-induced sensiti-
zation.

It is unclear at present which trigger chemicals stimulate
NOS activation. It is well known that NOS activation is
dependent on the elevation of Ca®* concentration in postsyn-
aptic cells and on subsequent activation of the calcium/cal-

modulin second messenger system. The major pathway of

NOS activation is thought to be mediated via glutamate
release, glutamate receptor activation, Ca®" influx and NOS
activation (Bredt and Snyder, 1989, 1992). It is possible that
DA efflux stimulates glutamate release via a corticostriatal/
thalamocortical negative feedback loop (Carlsson and Carls-
son, 1990). Therefore, NO production may occur as a result of
glutamate release. One possible candidate is the increase of
calmodulin content, which is known to activate NOS, after
withdrawal of MAP. It has been demonstrated that a low
dose of AMP (1 mg/kg) induces calmodulin translocation after
repeated AMP administration, and this phenomenon oc-
curred during the drug withdrawal period (Gnegy et al.,
1991; Popov and Matthies, 1989; Roberts-Lewis ef al., 1986).
These reports support the idea that elevation of calmodulin
content is induced by MAP withdrawal and that challenge
injection induces translocation of calmodulin, although the
drug treatment regimen and withdrawal period in the
present study was different than those of the above reports.

There have been several reports suggesting interaction
between NO production and DA release in the central ner-
vous system. L-Arginine and sodium nitroprusside have been
reported to increase the DA release from the medial preoptic
area (Lorrain and Hull, 1993) and striatum (Hanbauer et al.,
1992; Zhu and Luo, 1992) and inhibit DA uptake (Sakire et
al., 1994). Furthermore, it has been reported that NMDA-
evoked DA release from striatal slices is dependent on NO
production (Hanbauer et al., 1992). An immunohistochemical
mapping study revealed that NOS is rich in the striatum,
especially in medium spiny neurons but not giant cholinergic
neurons (Vincent and Kimura, 1992). This report suggests
that NO may be produced postsynaptically in medium spiny
neurons and affect the presynaptic dopaminergic nerve ter-
minals as a retrograde messenger.

Several studies have demonstrated that NO plays an im-
portant role in maintenance and expression of some kinds of
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synaptic plasticity, such as LTP, in the hippocampus (Haley
et al., 1992; Iga et al., 1993; Mizutani et al., 1993) and
induction of LTD in the cerebellum (Daniel ef al., 1993).
Recently, it was reported that the timing of NO release is
important for LTP because treatment with NMDA before
tetanic stimulation, which stimulates NO production, failed
to induce hippocampal LTP (Izumi et al., 1992). Therefore, it
is suggested that the mechanism of MAP-induced sensitiza-
tion is similar to that of LTP and that the timing of NO
release (NOS activation) may be important for sensitization.
The effects of NOS inhibitors on drug-induced synaptic plas-
ticity have been investigated previously. Cocaine, a DA re-
uptake blocker, induces behavioral sensitization (Angrist.,
1983; Segal and Schuckit, 1983). It was demonstrated that
coadministration of L-NAME with cocaine blocked the sensi-
tization of locomotor activity (Pudiak and Bozarth, 1993).
Moreover, it was reported that L-NAME attenuated the mor-
phine-induced tolerance (Adams et al., 1993; Babey et al.,
1994). On the other hand, L-NAME was reported to have no
effect on the development of AMP-induced sensitization
(Stewart et al., 1994). Therefore, our findings in conjunction
with those of these previous studies suggest that NO does not
play a role in the development of AMP or MAP sensitization.

In this study, we examined the effects of challenge injec-
tion of MAP on locomotor activity and DA release in the rat
striatum. Several studies have suggested that there is no
association between augmented behavioral responses to
AMP and enhancement of DA release in the striatum or NAc
(Segal and Kuczenski, 1992; Wolf et al., 1994). In contrast,
other reports have revealed a close correlation between these
two phenomena under certain conditions in both the stria-
tum (Hamamura et al., 1991; Patrick ef al., 1991) and NAc
(Robinson et al., 1988; Wolf et al., 1993). In the present study,
locomotor activity and enhancement of striatal DA release
exhibited a positive correlation in each animal (r = .713, P <
.05).

The striatum is known to play an important role in the
control of motor performance in basal ganglia. Recently, it
was demonstrated that LTD (Calabresi et al., 1992a, 1992b)
and LTE of DA release (Ochi et al., 1995) occur in the stria-
tum. These findings strongly suggested that both DA and
EAA receptor activation are required for plasticity of striatal
neurons. Thus, synaptic plasticity of striatal DA neurons
may be involved in the acquisition of motor learning in basal
ganglia.

In conclusion, behavioral sensitization and enhancement
of DA release were observed in the present study, and L-
NAME attenuated both maintenance and/or expression of
sensitization but not its development. These results sug-
gested that NO production may regulate the plastic changes
in striatal DA neurons.
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Abstract

An intracerebral microdialysis technique was applied to study the effect of metabotropic glutamate receptor (mGluR) agonist on
dopamine release in the striatum of methamphetamine (MAP)-sensitized rats. Rats were treated with MAP (1 mg /kg, i.p.) once daily for
6 consecutive days, followed by a 6-day withdrawal. Perfusion of 0.1 mM (18,3R)-1-aminocyclopentane-trans-1,3-dicarboxylic acid
through a microdialysis probe placed in the striatum enhanced the extracellular dopamine level, and induced stereotyped behavior in
MAP-sensitized rats. The enhancement of dopamine release and the stereotyped behavior were attenuated by co-perfusion of 0.4 mM
RS-a-methyl-4-carboxyphenyl-glycine, a mGluR antagonist. The present results suggest that mGluRs may be involved in the expression

of MAP-induced sensitization.

Keywords: Methamphetamine sensitization; Expression; Dopamine release; Striatum; Metabotropic glutamate receptor; Microdialysis

Work on the mechanism of behavioral sensitization to
amphetamine (AMP) or methamphetamine (MAP) has fo-
cused on possible alterations in the dopamine system. The
potential role of glutamate receptors has only recently been
assessed [12]. Although antagonists of both the N-methyl-
D-aspartate receptor (NMDAR) and DL-a-amino-3-hy-
droxy-5-methyl-4-isoxazole propionic acid receptor
(AMPAR) block the behavioral sensitization to am-
phetamine [11,13,23,36], there are some differences be-
tween these receptor mechanisms. NMDAR antagonists
can block the induction but not the expression of behav-
ioral sensitization, while AMPAR antagonists can block
both [13].

Recently, glutamate receptors (GluRs) have been cate-
gorized into two general groups, ionotropic receptors
{iGluRs) and metabotropic receptors (mGluRs) [21,31]. Tt
has been reported that not only iGluRs but also mGluRs
play important roles in such synaptic plasticities as long-
‘erm potentiation (LTP) [1,2,19,20], and long-term depres-
sion (LTD) [5,6,17]. However, little is known about the

* Corresponding author. Fax: +81 (92) 632-2752.

role of mGluR in AMP- and/or MAP-induced sensitiza-
tion. Therefore, the purpose of the present study was to
investigate the role of mGluRs in dopamine release from
the striatum in MAP sensitized-rats using a brain micro-
dialysis method.

The animals used in this experiment were male rats of
the Wistar strain (Seiwa, Animal Co., Fukuoka, Japan),
weighing between 300 and 400 g. The rats were housed
under a constant temperature (23 +£2°C) and a 12-h
light/dark cycle (light period: 07.00-19.00 h). The rats
were allowed free access to food and water throughout the
experiment. The rats were anesthetized with sodium pento-
barbital (40 mg/kg, i.p.), and were fixed on a stereotaxic
instrument. A guide cannula (0.5-mm outer diameter; AG-
8, Eicom Co., Kyoto, Japan) was placed just above the
striatum, (0.7 mm anterior to the bregma, 2.6 mm lateral to
the midline, 3.2 mm ventral to the surface of the skull
measured at the bregma), according to the brain atlas of
Paxinos and Watson [25].

After a recovery period of at least 2 days, rats were
injected with saline (SAL) or MAP (Dainippon Pharma-
ceuticals Ltd., Japan). SAL or MAP (1.0 mg /kg, i.p.) was
administered once daily for 6 consecutive days. Six days

0006-8993 /96 /$15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved.
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after the last injection, the rats were used for microdialysis
studies.

Brain microdialysis was carried out in unanesthetized,
freely moving rats. A concentric dialysis probe (3.0 mm
active membrane length and 0.2 mm outer diameter; A-I-8-
03, Eicom Co.) was inserted into the striatum through the
guide cannula so that the tip of the probe was located at
6.2 mm ventral to the skull surface. During the dialysis
experiment, the probe was connected to an infusion pump
(EP-60, Eicom Co.) and was perfused with Ringer solution
(147 mM NaCl, 4 mM KCl, 2.3 mM CaCl,) at a rate of
2.0 pl/min. Perfusate samples collected at 20-min inter-
vals (40 wl) were injected directly into an HPLC-ECD
system for quantification of dopamine. The HPLC-ECD
consisted of a pump (EP-10, Eicom Co.) coupled to a
reversed-phase column (5 pm, 4.6 X 150 mm; Develosil
ODS-HG-5, Nomura Chemical Co., Ltd., Aichi, Japan)
and an ECD (ECD-100, Eicom Co.). A graphite working
electrode (WE-3G, Eicom Co.) was set at +0.60 V against
the Ag/AgCl reference electrode. The mobile phase was
composed of 36.8 mM citric acid, 52.6 mM sodium ac-
etate, 0.6 mM sodium I-octanesulfonate, 14 pM EDTA
and 11% methanol. Flow rate was 1.0 ml /min.

Solutions of 0.1 mM (1S,3R)-1-aminocyclopentane-
trans-1,3-di-carboxylic acid (1S,3R-ACPD; Tocris Cook-
son Ltd, UK) and 04 mM RS-a-methyl-4-carbo-
xyphenylglycine (RS-MCPG; Tocris Cookson Ltd., UK)
were made in the Ringer solution. After the basal dopamine
level was stabilized (at least 2 h after the probe insertion),
drugs were applied directly into the striatum through the
microdialysis probe during a 20-min period, and dopamine
release was measured for up to 3 h. Data were expressed
as a percentage of baseline levels, and significance was
analyzed with a two-way repeated measures analysis of
variance (ANOVA). The baseline value of the extracellular
concentration of dopamine in dialysates from the striatum
was 17.7+ 1.0 pg/20 min (mean+ S.EM., n=24) in
SAL-treated rats. This value was not different from that in
MAP-sensitized rats (17.8 + 0.7 pg/20 min, n = 27).

Fig. 1A shows the dopamine level as a function of time
after application of 1S,3R-ACPD directly into the striatum
in freely moving SAL-treated rat. The dopamine level was
significantly higher in 1S,3R-ACPD-treated rats than in
vehicle-treated animals (time course 0—180 min X 1S,3R-
ACPD or vehicle, F(9,45)=2.96, P<0.01). Fig. 1B
shows the effect of 15,3R-ACPD on the dopamine level in
MAP-sensitized rats. Application of 1S,3R-ACPD pro-
duced a statistically significantly greater increase in
dopamine level in MAP-sensitized rats than in SAL-treated
rats (time course 0~180 min X SAL or MAP, F(9,63) =
2.17, P <0.05). Interestingly, when 1S,3R-ACPD was
applied into the striatum, the MAP-sensitized rats exhib-
ited stereotyped behavior such as grooming, chewing
and /or face washing. Fig. 1B also shows the time course
of the dopamine level after application of either RS-MCPG
or a 1S,3R-ACPD-RS-MCPG mixture into the striatum in
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Fig. 1. Time course of dopamine release from the striatum after perfusion
of 15,3R-ACPD in SAL- or MAP-treated rats through microdialysis
probe for 20 min. A: effect of 1S,3R-ACPD on dopamine release in
SAL-treated rat. B: effect of 1S,3R-ACPD or 15,3R-ACPD /RS-MCPG
on dopamine release in MAP-sensitized rat. The rats were administered
saline or 1.0 mg /kg methamphetamine once daily for 6 consecutive days,
and after 6-day withdrawal, dialysis experiments were carried out. Each
point is the mean + S.E.M. of the basal dopamine level. The significance
of differences was determined by means of two-way ANOVA (* P <
0.05, " " P <0.01).

MAP-sensitized rats. Application of RS-MCPG alone did
not produce either a dopamine increase or stereotyped
behavior in MAP-sensitizedrats. The enhancement of
dopamine release by 1S,3R-ACPD was significantly atten-
uated by the application of RS-MCPG in MAP-sensitized
rats (time course 0~180 min X 1S,3R-ACPD or 1S,3R-
ACPD /RS-MCPG, F(9,63) =3.23, P <0.01). This level
was not significant compared to that of RS-MCPG applica-
tion. In addition, the stereotyped behavior induced by
1S,3R-ACPD was also attenuated by co-administration of
RS-MCPG in MAP-sensitized rats.

Two of the main afferent pathways to the striatum are
the dopaminergic and glutamatergic inputs from the sub-
stantia nigra and the cortex, respectively. There are many
studies indicating that the corticostriatal glutamatergic pro-
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jections have a regulatory function of dopamine release
from terminals of nigrostriatal dopaminergic neurons. Both
in vivo and in vitro studies have shown that Glu stimulates
the release of dopamine from the striatum [7,8,14,22].
These studies have suggested that the facilitatory effect of
glutamatergic input on dopamine release is, in part, medi-
ated by the activation of iGluRs of the NMDAR and/or
AMPAR type which are located on dopaminergic nerve
terminals in the striatum. Recently, we demonstrated that
long-term enhancement of striatal dopamine release was
maintained after the activation of NMDAR and AMPAR
[22]. Moreover, it appears that an iGluR-dependent mecha-
nism is involved in AMP and MAP-induced behavioral
sensitization, since that is blocked by NMDAR or AMPAR
antagonists block these behavioral sensitization
[11,13,23,36]. However, an NMDAR antagonist did not
attenuate AMP-induced dopamine release in the nucleus
accumbens [9], and recent studies have also demonstrated
that MK-801 does not prevent MAP-stimulated dopamine
release from striatal slices [4]. The role of AMPARS in the
MAP-induced increase of dopamine release has not yet
been clarified.

Although mGluRs are present in the striatum in widely
varying relative densities and cellular patterns [34], little is
known as to whether mGluR-dependent mechanism is
involved in Glu-stimulated dopamine release. In the nu-
cleus accumbens, it was reported that microdialysis appli-
cation of the mGluR agonist, 1S,3R-ACPD, caused an
increase in dopamine release at a high concentration (1
mM) [24], but a small decrease at a low concentration (0.1
mM) [32]. The present result demonstrated that 0.1 mM
1S,3R-ACPD caused a small release of dopamine from the
striatum in SAL-treated rats. The 1S,3R-ACPD-induced
dopamine release was, however, significantly enhanced in
MAP-sensitized-rats. At present, we do not know the
possible mechanism of such augmentation of dopamine
release in MAP-sensitized rats. However, these in vivo
dialysis results are in good agreement with our previous
data that the activation of mGluRs caused an augmentation
of dopamine release from MAP-sensitized striatal slices
(data not shown).

Trans-ACPD, the racemic mixture of the 1S,3R- and
1R,3S-isomers, has been reported to possess a selective
agonistic effect on mGluRs which are coupled to adenylate
cyclase [28,33,35]. Application of 0.1 mM trans-ACPD
also stimulates the inositol phosphate accumulaiion in
striatal neurons [18,30], due to the activation of phospholi-
pase C. On the other hand, 1S,3R-ACPD is reported to
inhibit the stimulation of cyclic AMP synthesis by
forskolin, and to stimulate brain phosphoinositide hydroly-
sis, although these effects are blocked by co-administration
of RS-MCPG [10,15]. These reports have suggested that
18,3R-ACPD activates various type of mGluRs, and acti-
vation of mGluRs may affect dopamine release through
modification of second messenger formation [3,18,28-
30,33,35]. Moreover, mGluRs are known to play important

roles in such central nervous system plasticities as long-
term potentiation in the hippocampus [1,2,19] and long-
term depression in the cerebellum [17] and striatum [5,6].
Thus, long-term changes in striatal synaptic function may
require the activation of mGluRs. Therefore, it is sug-
gested that mGluRs may have a facilitatory role in the
expression of MAP-induced sensitization.

Recently, it was reported that unilateral intrastriatal
injection of 1S,3R-ACPD induces rotational behavior
[26,27], as well as face washing and scratching [16]. These
studies have suggested that activation of mGluRs is in-
volved in the induction of motor and stereotyped behav-
iors. The present results, showing that 1S,3R-ACPD caused
an enhancement of stereotyped behavior and /or locomotor
activity in MAP-sensitized rats support this.

In summary, this brain microdialysis study demon-
strated that the mGluR agonist, 1S5,3R-ACPD, produced a
significant enhancement of dopamine release from the
striatum in MAP-sensitized rats.
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Abstract

We studied the roles of metabotropic glutamate receptors in
methamphetamine (MAP)-induced sensitization of dopamine (DA) release
from striatal slices. Rats were treated with MAP (1 mg/kg, ip.) once daily for
6 consecutive days, and after 6-day withdrawal, DA release from striatal
slices evoked by 7-1-aminocyclopentane-trans-1,3-dicarboxylic acid (trans-
ACPD) was measured. Then, trans-ACPD-induced DA release was
significantly enhanced in MAP-sensitized rats, and the inactive form of
trans-ACPD (1R,3S-ACPD) did not enhance DA release. The active form of
trans-ACPD (1S,3R-ACPD) (0.1 mM)-evoked DA release was attenuated by
treatment with 0.4 mM RS-a-methyl-4-carboxyphenylglycine (MCPQ), a
metabotropic glutamate receptor antagonist. The present results suggest
that metabotropic glutamate receptors play an important role in expression
of MAP-induced sensitization.

Key Words: methamphetamine-induced sensitization, striatal dopamine
release, metabotropic glutamate receptor
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Glutamate receptors (GluRs) mediate excitatory neurotransmission in
the brain and are important in neural plasticity such as long-term
potentiation (LTP) and long-term depression (LTD). There are both
1onotropic and metabotropic GluRs.

lonotropic GluRs are known to mediate the majority of conventional fast
excitatory transmission in the central nervous system. Recently, we
demonstrated that long-term enhancement (LTE) of striatal DA release
occurred after activation of NMDARs and AMPARs [1]. On the other hand,
metabotropic glutamate receptors (mGluRs) are known to be coupled to
alterations in cAMP formation and phosphatidylinositol turnover, activation
of phospholipase D. mGluRs have also been implicated in LTD in the
cerebellum [2] and striatum [3]. LTD in the striatum requires the activation
of both mGIuR and DA receptors [3]. In the striatum, mGluRs are present in
widely varying relative densities and cellular patterns [4]. Corticostriatal
Glu and nigrostriatal DA neurons are thought to interact closely and to play
important roles in neural plasticity in the striatum. In our previous report
using microdialysis technique, we suggested that mGluRs are involved in the
expression of MAP-induced sensitization [5].

The purpose of the present study was to investigate the role of mGluRs in
DA release from striatal slices of MAP sensitized rats.

The animals used in the present experiment were male rats of the Wistar
strain (Seiwa Animal Co., Fukuoka, Japan), weighing between 300-400 g.
The rats were housed under a constant temperature (23 7 2 ,C) and a 12-h
light/dark cycle (light period: 07.00-19.00 h). The rats were allowed free
access to food and water throughout the experiment.

MAP (Dainippon Pharmaceuticals Ltd.) (1.0 mg/kg, ip.) or saline (SAL)
was administered once daily for 6 consecutive days. On the 6th day following
last injection of MAP, rats were anesthetized with ether and decapitated.
The brains were rapidly removed in ice-cold Krebs-Ringer solution (118.0
mM NaCl, 4.7 mM KCL 1.3 mM CaCl2, 1.2 mM MgCl12, 1.0 mM NaH2P0O4,
25.0 mM NaHCO3 and 11.0 mM D-glucose) at pH 7.4, equilibrated with a
95 % 02/5 % CO2 gas mixture and cut sagittally into 450-1M- thick slices
using a Sorvall tissue slicer. The striatal part including the white matter
between the neocortex and neostriatum of the slices was dissected out in ice-
cold Krebs-Ringer solution. After 1 hr preincubation period, striatal slice
were placed on a dish in'1 ml of trans-ACPD, 1S,3R-ACPD, 1R,3S-ACPD
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and/or MCPG (Tocris Cookson Ltd.) containing solution and incubated for 10
min at 37 0. NMDA was resolved into Mg2+ free Ringer solution. MCPG
was pre-treated 10 min before 1S,3R-ACPD application. At the end of the

incubation time the solution was transferred immediately to a sample cup
containing 100 #1 of 0.5 M HC104 for quantification of DA release into the

medium. The striatal tissue containing DA was extracted with 200 #1 of 0.5
M HCl104 containing 0.1 % Na2S205 and 0.1 % EDTA by solution in sample
cups on ice. After centrifugation at 10000 rpm for 10 min at 4 O,
supernatants of both the incubation and sonicated solutions were collected

for measurement of DA content. DA content was determined with an HPLC-
ECD system including a reverse-phase HPLC column (ODS1181, 3 #M, 6.0

mm I 250 mm, Erma) and ECD (E-100, Eicom), The electrode potential was
set at +0.65 V against the Ag/AgCl reference electrode. The mobile phase
consisted of 0.5 g/l sodium 1-heptanesulfonate (Tokyo Kasei Inc), 1mM
EDTA (Sigma), 8 % acetonitrile (Hayashi Pure Chemical), and was adjusted
to pH 3.0 with ortho-phosphoric acid (Merck). Flow rate was 1.0 ml/min
(Waters model 510, Waters). Percentage of release was calculated using the
values obtained for the DA content in the incubation medium (A) and the DA
content remaining in the tissue (B) using the following equation: % of total
DA =100 * A/(A+B).

Data were expressed as the means 7 SEM. Significant differences
between groups were determined using a one-way ANOVA followed by
Student's t-test for individual comparisons.

Basal DA release from striatal slices in MAP sensitized rats was 2.93 7

0.42 % of total DA content, and this value was not different from SAL-
treated rats (2.73 7 0.46 % of total DA content). In addition, the total
contents of DA in the striatum were not different between two groups (data
not shown).

Fig. 1A shows trans-ACPD-evoked DA release from striatal slices in SAL-
treated or MAP-sensitized rats. Trans-ACPD did not cause DA release at
any concentration in SAL-treated rats. Whereas the DA release in MAP-
sensitized rats was significantly and dose-dependently enhanced by trans-
ACPD (p<0.05, p<0.01). 1R,3S-ACPD, the inactive form of trans-ACPD,
failed to enhance DA release from striatal slices in MAP-sensitized rats (Fig.

1A). DA release induced by 10-4 M 1S,3R-ACPD, the active form of trans-
ACPD, was 5.70 7 0.74 % in SAL-treated rats. On the other hand, that was
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8.82 7 0.61 % of total DA content in MAP sensitized rats (P<0.001). The

enhancement of DA release by 1S,3R-ACPD was significantly attenuated by
MCPG (6.27 7 0.41 % of total DA content, P<0.001)(Fig. 1B).

The present results indicate that the mGluR agonist trans-ACPD can
enhance DA release from striatal slices of MAP-sensitized rats. Trans-
ACPD is a selective agonist for the mGIuR [6], but it is a relatively poor
agonist for phosphoinositide-linked mGluRs. Trans-ACPD is a racemic
mixture of 1S,3R- and 1R,3S- isomers. Of these isomers, 1S,3R-ACPD is
responsible for the mGluR agonist activity, because, in contrast to 1R,3S-
ACPD, it is a highly selective and efficacious stimulator of brain
phosphoinositide hydrolysis. Furthermore the depressant effects of 1S,3R-
ACPD on forskolin-stimulated cyclic AMP synthesis in rat cerebral cortical
slices are antagonized by MCPG [7]. In addition, MCPG also antagonizes
the effect on phosphoinositide-linked mGluRs in rat cerebral cortex [8].
Therefore, this study suggests that the activation of phosphoinositide-linked
mGluRs on dopaminergic terminals induce the enhancement of DA release
from striatal slices in MAP-sensitized rats. Recently, we reported mGluRs
play inportant roles in MAP-sensitization using microdialysis technique[5].
Our in vitro data could support the result.

Since the initial reports which demonstrated that L-Glu stimulates the
release of [SH]DA from rat striatal slices [9], numerous studies have been
devoted to this presynaptic regulation. In addition, important role of
retrograde messengers like nitric oxide (NO) in synaptic transmission and
synaptic plasticity is reported. Actually we recently demonstrated that NO
synthase inhibitors attenuated MAP-induced sensitization [10]. mGluR
expressed In striatal neuron cell body is thought to mediate striatal LTD
through a postsynaptic receptor mechanisms [3]. mGluR are also reported to
regulate DA release directly or indirectly in the nucleus accumbens[11].
Moreover, we reported that DA release is induced by the activation of mGIuR
in the nucleus accumbens by microdialysis technique[12]. Thus, it is likely
that activation of mGluR may enhance striatal DA release in MAP-
sensitized rats. Therefore, the present results support an interaction
between the metabotropic glutaminergic and dopaminergic systems in the
striatum. The activation of striatal mGluRs by 1S,3R-ACPD produces
rotational behavior which is mediated via a functional interaction with
striatal DA neurons and their receptors [13]. In addition, it has been
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reported that 1S,3R-ACPD causes behavioral changes such as face washing
and scratching [14]. The activation of mGluRs may influence MAP-induced
behavioral sensitization on locomotor activity and the stereotyped behaviors
mentioned above striatum through enhancement of DA release or directly.

In summary, the present study demonstrates that mGluRs may be
involved the expression of MAP-induced sensitization.
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Legends for figures

Fig1  Effect of metabotropic glutamate receptor agonist and antagonist on
dopamine release in MAP-sensitized rats. Fig. 1A shows the effect of active
and inactive form of trans-ACPD on dopamine release from striatal slices in
MAP-sensitized rats. The rat was received saline or 1.0 mg/kg MAP once
daily for 6 consecutive days, and after 6-day withdrawal striatal slices were
prepared. Trans-ACPD-induced dopamine release for 10 min was measured
using HPLC. The data were shown as means 7 SEM. The data were
analyzed by one-way ANOVA followed by Student's t-test for individual
comparisons. (** p<0.01, * p<0.05 vs. SAL-treated group). Fig. 1B shows the
effect of metabotropic glutamate receptor antagonist on enhancement of
active form of trans-ACPD-induced dopamine release in MAP-sensitized
rats. The rat was received saline or 1.0 mg/kg MAP once daily for 6
consecutive days, and after 6-day withdrawal striatal slices were prepared.

Trans-ACPD-evoked dopamine release for 10 min was measured. MCPG

was pre-treated 10 min before 1S ,3R-ACPD application. The data were
shown as means 7 SEM. (** p<0.01 by Student's t-test).
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Abstract

We examined the role of serotonin 1A (5-HT, ,) receptors in the inhibitory effects of methamphetamine (MA) on photic entrainment
to the circadian pacemaker in the suprachiasmatic nucleus (SCN) of rodents. MA inhibited optic nerve stimulation-evoked field potential
in the SCN, light-induced Fos expression in the SCN and light-induced phase shift of hamster wheel-running rhythm. NAN-190, a
5-HT,, receptor antagonist, eliminated the inhibitory effects of MA. NAN-190 has also been reported to antagonize a, adrenergic
receptors. However, prazosin, which selectively antagonizes «, adrenergic receptors, did not affect the inhibitory action of MA on
light-induced Fos expression. In addition, parachloroamphetamine, which is known to be a 5-HT releaser, dose-dependently inhibited
light-induced phase shift of wheel-running rhythm. These findings suggest that elevation of endogenous 5-HT levels by MA inhibits the

photic entraining responses of the circadian pacemaker in the SCN via 5-HT, , receptor stimulation of the 5-HT released by MA.

Keywords: Circadian rhythm; Suprachiasmatic nucleus; Methamphetamine; NAN-190; 5-HT,, receptor; Serotonin

1. Introduction

The mammalian suprachiasmatic nucleus (SCN) is
widely known as a circadian pacemaker, and controls
various physiological rhythms such as feeding, drinking,
- locomotor activity, sleep—wakefulness, plasma adrenal cor-
ticosterone level and body temperature (see [8,25] for
reviews). However, various findings have indicated that at
least two circadian oscillators are located outside the SCN:
a feeding-entrainable oscillator and a methamphetamine
(MA)-induced oscillator. Also, under chronic administra-
tion of MA, a robust free-running rhythm of locomotor
activity appeared in SCN-lesioned rodents (see [7] for
review). These findings suggest that MA can produce a
MA-induced oscillation.

However, MA delays the phase angle in both the rhythm
of SCN multiple unit activity and locomotor activity in
golden hamsters [14]. Recently, we reported that MA
inhibited optic nerve stimulation-evoked vasoactive intesti-

" Corresponding author. Fax: (81) (429) 476806.

nal polypeptide (VIP) release from the SCN, optic nerve
stimulation-induced field potential in the SCN, light-in-
duced Fos expression, and phase shift of free-running
thythm [15]. These findings suggest that MA affects photic
entrainment to the circadian pacemaker in the SCN.

In addition, a microdialysis study demonstrated that
MA infusion into the SCN increases extracellular serotonin
(5-HT) concentration [16], while another biochemical study
showed that bath application of MA increases 5-HT con-
centration in incubated solution [15]. Administration of
5-HT or 5-HT,, receptor agonists to the SCN, blocks both
light-induced phase shifts and Fos protein induction during
the subjective night [5,24,27]. During the subjective day,
these same pharmacological agents induce circadian rthythm
phase advances [4,12,17-20,30]. In addition, electrophysi-
ological data indicates that 5-HT or 5-HT,, receptor ago-
nists inhibit the excitatory effects of light in the SCN
[13,31]. Thus, 5-HT has been known to modulate the
various photic responses in the SCN, via 5-HT,, receptors
[5,6,11,24,29,32].

We examined the role of 5-HT,, receptor mechanisms
in the inhibitory effect of MA on photic entraining re-
sponses in the SCN.

0006-8993 /96 /$15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved.

PII S0006-8993(96)00860-8

37



262 T. Moriya et al. / Brain Research 740 (1996) 261-267

2. Materials and methods

2.1. Subjects

Male Wistar rats (Seiwa Experimental Animal Co.,
Yoshitomi-Cho, Japan) weighing 250-350 g were used for
the field potential study. Male Syrian hamsters
(Mesocricetus auratus, Japan SLC, Shizuoka, Japan)
weighing 100-150 g were used for studies of Fos expres-
sion and phase shift of free-running rhythm. All animals
were housed in temperature-controlled animal quarters (23
+ 2°C) in either 12:12 h light /dark cycle (field potential
study and Fos expression study) or in constant darkness
(phase shift of free-running rhythm study). Food and water
were given ad libitum.

2.2. Drugs

The drugs used in this study were: D-methamphetamine
hydrochloride (MA) (Dainippon, Osaka, Japan), 1-(2-
methoxyphenyl)-4-[4-(2-phthalimido)butyl]piperazine hy-
drobromide (NAN-190) (Research Biochemicals, Natick,
MA, USA), prazosin hydrochloride and b»L-
parachloroamphetamine (Sigma Chemical, St Louis, MO,
USA).

2.3. Optic nerve stimulation-evoked field potential

Rats were kept in constant darkness for 1-2 cycles.
Each rat was then decapitated around circadian time (CT;
CT 12 = activity onset time) 12 under ether anesthesia,
and the brain quickly removed from the skull. Only one
horizontal hypothalamic slice, that included both SCN and
optic nerve (0.45 mm thickness) was taken from each
animal brain. Preparation of the samples was done using a
vibratome as reported previously [15]. Each slice was
preincubated with Krebs-Ringer solution equilibrated with
95% 0O,/5% CO, at room temperature. The composition
of the control Krebs-Ringer solution was (in mM): NaCl,
129; MgSO,, 1.3; NaHCO,, 22.4; KH,PO,, 1.2; KCl, 4.2;
D-glucose, 10.0 and CaCl,, 2.5. This buffer was main-
tained at pH 7.3-7.4. The slice was transferred to a
recording chamber and kept in a constant flow medium
(35 +£ 1°C)(4 ml/min). Optic nerve stimulation-evoked
postsynaptic field potential [28] corresponding to EPSP
[9,28] was recorded in the ventrolateral part of the SCN
using a glass microelectrode. Insulated stainless wires
(diameter 0.1 mm) were placed on the optic nerve approxi-
mately 1 mm rostral to the optic chiasm. Each of the drugs
was added to the Krebs-Ringer solution and perfused for
up to 20 min through the experimental chamber. Electro-
physiological experiments were conducted during CT 13—
CT 0. Five to six slices from identical number of animals
were used for each drug treatment.
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2.4. Fos immunohistochemistry

Hamsters maintained in a 12:12 h light /dark cycle were
injected intraperitoneally with DMSO, NAN-190 or pra-
zosin 45 min before, and saline or MA 30 min before, light
exposure. The animals were then exposed to white light
(150 lux) at zeitgeber time (ZT; ZT 12 = lights-off time)
20, for 30 min followed by darkness for 30 min. Animals
were deeply anesthetized with Nembutal and perfused
intracardially with 100 ml of saline (37°C), followed by
100 ml of ice-cold 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.2). Brains were removed from the skull,
fixed with 50 ml of 4% paraformaldehyde, and transferred
to 20% sucrose solution in 0.1 M phosphate buffer for 24
h, followed by 30% sucrose solution in 0.1 M phosphate
buffer for 48 h. Hypothalamic blocks were cut into sec-
tions of thickness 30 pum, from rostral to caudal SCN, on a
freezing microtome. The sections were processed for im-
munohistochemical analysis according to the avidin-
biotin-peroxidase complex method. Primary antibody (anti-
Fos, Cambridge Research Biochemical, USA, 1:1000) was
diluted in 0.1 M phosphate buffer containing 1% normal
rabbit serum in 0.3% Triton X-100. To determine the
rostral-caudal distribution of Fos-immunoreactive neurons
through the SCN, sections at 30-um intervals were se-
lected for analysis from each animal. The number of cells
which expressed Fos immunoreactivity was counted in
selected sections covering rostral to caudal SCN. Average
cell numbers per SCN were calculated and expressed as
the number of cells /SCN. Three to ten animals were used
for each treatment.

2.5. Light-induced phase shift of free-running rhythm

Male hamsters were housed individually in transparent
plastic cages (20 X 30 X 14 c¢m), each equipped with a 13
cm diameter running wheel, which closed a microswitch
with each evolution. Wheel-running activity was recorded
continuously by a computer. Hamsters were kept in con-
stant darkness. After at least 10 days in constant darkness,
each hamster received an intraperitoneal injection of NAN-
190 60 min before, followed by administration of MA 30
min before exposure to light. Some hamsters (335 animals
for each dose) were injected with parachloroamphetamine,
30 min before exposure to light. Injections were performed
under dim red illumination. Hamsters were transferred to
the light stimulation box (30 X 30 X 40 c¢m) and exposed
to white light for 15 min at an average illuminance of 200
lux at CT 20. After light stimulation, hamsters were re-
turned to their respective wheel cages and kept under
constant darkness. The onset of the phase of activity was
calculated from data for 10 days of stable activity after
manipulation. The distance between the two lines on the
day of the manipulation was measured and taken as the
phase shift value.



T. Moriya et al. / Brain Research 740 (1996) 261-267 263

2.6. Statistics

The data were expressed as mean + S.E.M. Whether the
difference between groups was significant or not was
determined by Student’s r-test or one-way ANOVA fol-
lowed by Dunnett’s test.

3. Results
3.1. Optic nerve stimulation-evoked field potential

As shown in Fig. 1A, electric stimulation of the optic
nerve caused field potential in the ventrolateral part of the
SCN, which corresponds to the synaptic transduction. Bath
application of MA (10 puM) for 20 min significantly
attenuated the optic nerve stimulation-evoked field poten-
tial in the SCN (n = 6) (P <0.001 vs. vehicle treatment,
n = 6; Student’s r-test). Whereas, pretreatment of NAN-190
(0.1 uM) with MA abolished the inhibitory effect of MA
(n=23) (P<0.001 vs. MA treatment, n = 6; Student’s
r-test) (Fig. 1 and Table 1). However, NAN-190 (0.1 M)

N
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Fig. 1. Representative traces demonstrating the effect of NAN-190 on the
inhibitory effect of MA on optic nerve stimulation-evoked field potential
in the ventrolateral part of the rat SCN. A: vehicle. B: MA 10 uM, 20
min. C: MA 10 uM+NAN-190 0.1 uM, 20 min. D: NAN-190 0.1 uM,
20 min. Each trace is an average of eight sweeps.

alone did not affect the optic nerve stimulation-evoked
field potential in the SCN (n=5) (P > 0.03, vs. vehicle
treatment).

Fig. 2. Representative photomicrographs demonstrating the effect of NAN-190 on the inhibitory effect of MA on light-induced Fos expression in the
hamster SCN. Hamsters received an intraperitoneal injection of DMSO (A, B, C) or NAN-190 10 mg/kg (D) 45 min prior to light exposure and then
saline (A, B) or MA (C, D) 30 min prior to light exposure (150 lux, 30 min, ZT19.5-20.0) (B, C, D). Hamsters were perfused intracardially with saline 30

min after the end of the light exposure. Scale bar = 0.5 mm.
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Table 1
Effect of NAN-190 on MA-induced inhibition of optic nerve stimulation-
evoked field potential in rat SCN

Treatment Peak amplitade * (n) SEM.
Vehicle 104.4 (6) 3.0
MA 358(6) " 37
MA +NAN-190 89.9 (5) ### 10.7
NAN-190 82.9(5) 8.7

* The control value before drug application was set to 100%; data
represent % of control value. Vehicle indicates DMSO and water treat-
ment. Numbers in parentheses indicate the number of slices examined.
**” P <0.001 vs. Vehicle (Student’s r-test).

### P < 0.001 vs. MA (Student’s r-test).

3.2. Light-induced fos expression in the SCN

The exposure to light at ZT 20, induced Fos expression
especially within the ventrolateral part of the hamster
SCN, which corresponds to the terminal of the retinohy-
pothalamic pathway (n=10) (P <0.001 vs. non-light
stimulation, n = 5; Student’s r-test) (Fig. 2A, B and Fig.
3). Preinjection of MA (10 mg/kg) reduced light-induced
Fos expression, especially in the ventrolateral part of the
SCN (n =8) (P <0.001 vs. vehicle + light, n = 10; Stu-
dent’s r-test) (Fig. 2C and Fig. 3). NAN-190, a 5-HT,,
antagonist, significantly attenuated the inhibitory effect of

HHH T T T ]

MA on Fos expression (n = 5) (P < 0.001 vs. MA + light,
n=8; Student’s f-test). As NAN-190 was reported to
antagonize «, adrenoceptor [2], we examined the effect of
the o, adrenoceptor antagonist, prazosin, on MA-induced
Fos attenuation. Prazosin (5 mg/kg) did not antagonize
the inhibitory action of MA (n=4) (P > 0.05, vs. MA +
light) (Fig. 2D and Fig. 3).

3.3. Light-induced phase shift of free-running activity
rhythm

As shown in Fig. 4A, exposure to pulses of light for 15
min at CT 20, caused a large and stable phase advance of
wheel-running rhythm in hamsters (n = 5). Preinjection of
MA (10 mg/kg) reduced the phase advance induced by
the light pulses (n=4) (P <0.001 vs. vehicle + light;
Student’s t-test) (Fig. 4B and Fig. 5A). NAN-190 attenu-
ated the inhibitory effect of MA on light-induced phase
advance in a dose-dependent manner (NAN-190 10 mg /kg;
n=1>5, P <0.05 vs. MA + light; Student’s t-test) (Fig. 4C
and Fig. 5A). However, NAN-190 (10 mg/kg) alone
neither affected light-induced phase advance (n = 3) nor
caused phase shift (n = 3) (Fig. 5D and Fig. 5A).

Parachloroamphetamine, a 5-HT releaser, dose-depen-
dently reduced the phase advance of wheel-running rhythm
(Fs5,,=11.63, P <0.001), with the attenuating effect
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Fig. 3. Effects of NAN-190 and prazosin on the inhibitory effect of MA on light-induced Fos expression in the hamster SCN. Experimental procedure as
mentioned in Fig. 2 legend. Data represent a number of Fos-immunoreactive cells per the SCN. Numbers in parentheses indicate the number of animals

examined.
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Fig. 4. Representative double plot-actograms demonstrating the effect of NAN-190 on the inhibitory effect of MA on light-induced phase shift of the
free-running activity rhythm in the hamsters. Hamsters were maintained in constant darkness and wheel-running behavior monitored by computer.
Hamsters were received intraperitoneal injections of DMSO (A, B) or NAN-190 10 mg /kg (C, D) 60 min prior to light exposure, followed by saline (A,
D) or MA 10 mg/kg (B, C) 30 min prior to light exposure (200 lux, 15 min) at CT 20. Approximate times of light exposure are indicated by stars.

reaching a significant level at doses of 0.3 (n=15) and 1.0
mg/kg (n=35).

4. Discussion

In the present experiments, we examined the role that
5-HT,, receptor mechanisms may have in the inhibitory
effects of MA on the photic entraining responses in rodent
circadian rhythm. It has been reported that electrical stimu-
lation of the optic nerve elicits field potential in the
ventrolateral part of the SCN, which corresponds to the
synaptic transmission at the retinohypothalamic terminal
[1,11]. Our present results demonstrated that MA inhibited
optic nerve stimulation-evoked field potential and that this
inhibitory effect was eliminated by cotreatment with NAN-
190, a 5-HT,, receptor antagonist. 5-HT or 5-HT,, recep-
tor agonists reportedly attenuate optic nerve stimulation-
evoked field potential in the SCN [11,24]. It is well known
that MA releases 5-HT and/or inhibits the uptake of
5-HT. These reports taken together with our findings,
suggest that elevation of endogenous 5-HT levels by MA
modulates neurotransmission in the retinohypothalamic
pathway to the SCN via 5-HT,, receptor mechanisms.
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Fos protein, one of the immediate early gene products,
is known to increase in the ventrolateral part of the SCN in
response to photic entrainment [3,10,21-24,26]. The block-
ing of Fos expression by antisense oligonucleotides in-
hibits light-induced phase shift of free-running activity
rhythm in rats [33]. These reports have suggested that Fos
induction is a useful marker for monitoring photic entrain-
ment to the SCN. We observed that NAN-190 attenuated
the inhibitory effect of MA on light-induced Fos expres-
sion, especially in the ventrolateral part of the SCN which
is the terminal of the retinohypothalamic pathway. As was
shown in both our previous report [15] and in the present
findings, neither NAN-190 nor MA affected basal Fos
expression in the SCN. Thus, the effect of NAN-190 or
MA on Fos expression was only effective when photic
information was delivered into the SCN.

Finally, we showed that NAN-190 blocked the in-
hibitory effect of MA on light-induced phase shift of
hamster free-running rhythm. NAN-190 completely attenu-
ated the effect of MA on light-induced phase shift at a
dose comparable to that which recovered the effect of MA
on Fos expression. Parachloroamphetamine, a 5-HT re-
leaser from the nerve terminals, inhibited light-induced
phase shift in a dose-dependent manner. 5-HT,, receptor
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Fig. 5. Effect of NAN-190 on the inhibitory effect of MA on light-in-
duced phase shift of the free-running activity rhythm in the hamsters (A).
Dose-dependent effect of parachloroamphetamine on light-induced phase
shift of the free-running activity rhythm in the hamsters (B). Experimen-
tal procedure as mentioned in Fig. 4 legend. Data represent the phase
advance (min) induced by light pulse. *** P < 0.001 (Student’s t-test),
P <0.05 (Student’s r-test), T P < 0.01 (Dunnett’s #-test). Numbers in
parentheses indicate the number of animals examined.

Saline

agonists and tryptophan-loading reportedly have similar
inhibitory actions on photic entrainment [6,24]. Further-
more, microdialysis study has demonstrated that infusion
of MA increases the extracellular 5-HT concentration in
the SCN [16]. Therefore, 5-HT released by MA in the SCN
inhibits light-induced phase shift via 5-HT,, receptor stim-
ulation. Administration of NAN-190 alone did not affect
light-induced phase shift nor did it cause a phase shift.
These findings suggest that endogenous 5-HT does not
have a tonic inhibitory effect via 5-HT,, receptor stimula-
tion on light-induced phase shift.

Since it has been reported that NAN-190 antagonizes
«, adrenergic receptors [2], and that stimulation of this
receptor modulates photic response in the SCN [11], we
examined the effect of the «, adrenergic receptor antago-
nist on the inhibitory action of MA on photic responses in
the SCN. As shown in Fig. 3, prazosin, a selective «;
adrenergic receptor antagonist, did not affect the inhibitory
effect of MA on light-induced Fos expression in the SCN.
Furthermore, we previously reported that noradrenaline
depletion by N-(chloroethyl)-N-ethyl-2-bromobenzylamine
(DSP-4) did not abolish the inhibitory effect of MA on
field potential in the SCN, and that bath application of MA
did not release noradrenaline from the SCN in vitro. Based
on these findings, we can exclude the possible involvement
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of « adrenergic receptors in the inhibitory action of MA
on photic responses in the SCN.

Neural and molecular mechanisms of inhibitory action
of MA on photic responses in the SCN are not clear at
present. However, localized SCN administration of 5-HT
or intraperitoneal injection of 5-HT,, receptor agonist,
reduced the level of extracellular glutamate, which is
known to be an important neurotransmitter of the retinohy-
pothalamic pathway, in the SCN as compared to base line
levels [27,29]. In addition, these same pharmacological
agents inhibited the firing rates of photically responsive
cells in the SCN [34]. As previously described, MA inhib-
ited the neurotransmission of the retinohypothalamic path-
way in the SCN, therefore endogenous 5-HT released by
MA may inhibit photic response in the SCN via 5-HT,,
receptor stimulation, resulting in inhibitory action on photic
entrainment to the circadian pacemaker in the SCN.

In summary, we demonstrated that MA inhibited optic
nerve stimulation-evoked field potential in the ventrolat-
eral part of the SCN in vitro, as well as light-induced Fos
expression in the SCN and phase-shift of free-running
activity rhythm in vivo. NAN-190, a 5-HT,, receptor
antagonist, attenuated and/or eliminated the inhibitory
effects of MA. These findings suggest that 5-HT,, recep-
tor stimulation involves the inhibitory effects of MA on
photic responses in the circadian pacemaker in the SCN.
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METHAMPHETAMINE MODIFIES THE PHOTIC
ENTRAINING RESPONSES IN THE RODENT
SUPRACHIASMATIC NUCLEUS VIA SEROTONIN
RELEASE

M. ONO, A. WATANABE, Y. MATSUMOTO, T. FUKUSHIMA, Y. NISHIKAWA,
T. MORIYA, S. SHIBATA* and S. WATANABE

Department of Pharmacology, Faculty of Pharmaceutical Sciences, Kyushu University 62,
Fukuoka 812, Japan

Abstract—We examined whether methamphetamine modifies the photic entraining responses in the rat
suprachiasmatic nucleus. Optic nerve stimulation increased vasoactive intestinal polypeptide release from
rat suprachiasmatic nucleus slices, and methamphetamine inhibited this increase in a concentration-depen-
dent manner. Optic nerve stimulation has been reported to evoke field potentials in rat suprachiasmatic
nucleus slices. Methamphetamine attenuated this field potential, and maximal inhibition (75.5%) was
achieved at a concentration of 100 uM. Systemic administration of methamphetamine (1-5 mg/kg)
inhibited light (300 lux, 1 h)-induced Fos expression in the suprachiasmatic nucleus; methamphetamine at
a dose of 5mg/kg, i.p. caused 40% inhibition of light-induced Fos expression. We examined whether the
inhibitory effect of methamphetamine on photic entraining respenses mediates serotonin release from the
suprachiasmatic nucleus. High-performance liquid chromatographic analysis revealed that methamphet-
amine application increased serotonin release from rat suprachiasmatic nucleus slices in a concentration-
dependent manner, but did not affect noradrenaline release. In addition, reduction of serotonin content
attenuated the effect. of methamphetamine on field potential induced by optic nerve stimulation i vitro

and also light-induced phase advances of wheel running activity rhythm in vivo.
The present results support the idea that methamphetamine produces an inhibitory effect on photic
entrainment in the suprachiasmatic nucleus via serotonin release.

Key words: methamphetamine, circadiam rhythm, entrainment, suprachiasmatic nucleus, serotonin,

retinohypothalamic tract.

The mammalian suprachiasmatic nucleus (SCN) is
widely known as a circadian oscillator (for review see
Refs 18 and 47), and the destruction of this nucleus
abolishes overt circadian rhythms.?'*! Various lines
of evidence indicate that at least two circadian oscil-
lators are located outside the SCN: a feeding-entrain-
able oscillator and a methamphetamine-induced
oscillator, which are observed in SCN-lesioned rats
(for review, see Ref. 16). Under chronic treatment
with methamphetamine, a robust free-running
rhythm appears in spontaneous locomotor activity.*
These results suggest that methamphetamine can
produce a methamphetamine-dependent oscillation.

*To whom correspondence should be addressed at: Depart-
ment of Pharmacology, School of Human Sciences,
Waseda University, Tokorozawa, Saitama 359, Japan.

Abbreviations: 5,7-DHT, 5,7-dihydroxytryptamine; DSP-4,
N-(2-chioroethyl)- N-ethyl-2-bromobenzylamine hydro-
chloride; EDTA, ethylenediaminetetra-acetate; HPLC,
high-performance liquid chromatography; 5-HT, sero-
tonin (5-hydroxytryptamine); NMDA, N-methyl-p-
aspartate; p-CPA, DL-p-chlorophenylalanine methyl
ester hydrochloride; SCN, suprachiasmatic nucleus;
VIP, vasoactive intestinal polypeptide.

In contrast to the above phenomena, there is
evidence that methamphetamine may directly affect
the circadian oscillator in the SCN. Methamphet-
amine treatment has been reported to cause a phase
delay in the multiple-unit activity rhythms in the SCN
in relation to the light-dark cycle as it delays the
locomotor rhythm phase®® Furthermore, meth-
amphetamine infusion into the SCN was shown to
increase extracellular serotonin (5-HT) concentration
in a microdialysis study.’” Recently, it has been
demonstrated that 5-HT modulates the photic re-
sponse of the SCN pacemaker.*°"% These obser-
vations have suggested that methamphetamine may
affect photic entrainment of the methamphetamine
oscillator via methamphetamine-induced 5-HT re-
lease. Therefore, we investigated whether meth-
amphetamine affects the photic response in the SCN.

The excitatory amino acid glutamate has been
shown to act as a transmitter for the retinohypothala-
mic tract by electrophysiological, biochemical and
behavioral studies.*?*?%* Both N-methyl-D-aspartate
(NMDA) and non-NMDA receptors have been found
to play important roles in the transmission of photic
information,'*"? whereas the retinohypothalamic
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tract has been reported to terminate on neurons
possessing vasoactive intestinal polypeptide (VIP).V
VIP and VIP mRNA levels decrease during the light
period of the light-dark cycle and increase during the
dark period under a light-dark cycle.>**¥%2 These
observations suggested that VIP might be rhythmi-
cally modulated. Previously, we reported that
NMDA application during subjective night increased
VIP release and produced phase shifts in circadian
rhythm.*® In the present study, we investigated the
effect of optic nerve stimulation on VIP release from
rat SCN slices, and if methamphetamine influences
this on release. Previously, we reported that optic
nerve stimulation produced field potentials in the rat
SCN.*" Therefore, in the second experiment, we
examined the effects of methamphetamine on optic
nerve stimulation-induced field potentials in rat SCN
slices.

Photic stimulation can produce the expression of
c-fos, immediate early genes and Fos protein in the
SCN.!1#4-83.98 Although the functional significance
of this Fos expression is unknown at present, Fos
induction has been used as a good marker to investi-
gate the mechanism of entrainment. In fact, the
effects of various pharmacologically active drugs
have been reported to affect Fos expression.!*#
Therefore, in the third experiment, we investigated
the effects of methamphetamine on light-induced
expression of Fos-like immunoreactivity in the rat
SCN.

Wheel-running rhythm has been used in the
hamster as a good method to investigate the circadian
rhythm in vivo. Therefore, finally we examined the
effects of methamphetamine on light-induced phase
shifts of free-running rhythm in hamsters.

It is well known that methamphetamine is a strong
reuptake inhibitor of monoamines and also a releaser
of monoamines in the CNS. In the fourth experiment,
to determine ‘the mechanism of methamphetamine-
induced inhibitory effect on photic response of the
SCN, we examined whether methamphetamine in-
creased 5-HT release from SCN slices by high-per-
formance liquid chromatographic (HPLC) analysis.
In addition, we investigated whether the reduction of
5-HT attenuates the inhibitory effect of methamphet-
amine on the optic nerve stimulation-induced field
potential in vitro and also light-induced phase ad-
vances of wheel-running rhythm in vivo.

EXPERIMENTAL PROCEDURES

Vasoactive intestinal polypeptide release induced by optic
nerve stimulation

Wistar rats (200-300 g; Seiwa Animals Co., Fukuoka,
Japan) were housed under a 12:12 h light-dark cycle with
free access to food and water for at least two weeks after
being introduced into the laboratory. Each animal was
decapitated under ether anesthesia and the brain was
quickly removed from the skull. Hypothalamic slices
(400450 um thick), including half of the SCN and one optic
nerve, were cut sagittally using a Vibratome. After 1 h of
pre-incubation, the slices were placed in chambers filled with
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170 1 warmed Krebs-Ringer solution. The composition of
the control Krebs—Ringer solution was (in mM): NaCl, 129;
MgCl,, 1.3; NaHCO,, 22.4; KH,PO,, 1.2; KCl, 4.2; p-glu-
cose, 10.0; CaCl,, 1.5, equilibrated with 95% O, /5% CO, at
36°C. The medium was replaced and optic nerve stimulation
was performed for 10 min at projected Zeitgeber time 13-14.
Zeitgeber time 12 was designated as the lights-off time. A
single pulse stimulation (80 s, 0.8 mA and 20 Hz) was used,
because this stimulus condition was reported to produce
large field potentials in the ventrolateral SCN, and also to
increase release of [PH]glutamate from the SCN.% Meth-
amphetamine was added to the Krebs—Ringer solution in
concentrations ranging from 1 to 100 um 10 min before
stimulation. The medium was heated at 100°C for 10 min in
0.1 N HCl, dried in a vacuum concentrator and stored at
4°C until the assay of VIP. VIP in the medium was
determined by the previously described enzymeim-
munoassay”’ with minor modifications. The dried samples
were reconstituted with 150 1 of assay buffer [0.14 M
phosphate buffer containing 25 uM ethylenediaminetetra-
acetate (EDTA), 0.5% bovine serum albumin and 0.05%
Tween 20]. Of these 150-u! reconstituted samples, 100-u1
aliquots were used for VIP assay. Each sample was incu-
bated overnight with 50 ul of anti-VIP (1:20,000 in assay
buffer; a gift from Dr Mitsusio, Musashi Hospital, Japan)
rabbit serum at 4°C in 96 F multi-well plates for enzyme-
linked immunosorbent assay, precoated with anti-rabbit
immunoglobulin G goat serum (Shibayagi, Japan). Fifty
microliters of horseradish peroxidase-conjugated VIP
(1:300 in assay buffer) was added to each well. After 3h of
incubation, each well was washed with 0.14 M phosphate-
buffered saline, -and substrate solution (3.68mg o-
phenylenediamine hydrochloride in 0.1 M citrate-phosphate
buffer, pH 5.2) was added to each well. After 3h of
incubation, the reaction was stopped by adding 5 N H,S0,,
and production of VIP was determined using an enzymeim-
munoassay reader at 492 nm.

Field potential induced by optic nerve stimulation

Each rat was decapitated under ether anesthesia and the
brain was quickly removed from the skull. Hypothalamic
slices (400-450 um thick), including both SCN and optic
nerve, were cut horizontally using a Vibratome. After
preincubation in Krebs-Ringer solution, the slices were
transferred into a recording chamber. Preparations were
perfused continuously at 5ml/min with Krebs-Ringer sol-
ution at 36 + 1°C. The stimulation electrodes used were
described previously.?*? Evoked potentials were recorded in
the ventrolateral SCN using glass pipette microelectrodes
filled with 0.9% NaCl. The drug was added to the
Krebs—Ringer solution in concentrations ranging from 1 to
100 M, and this was perfused for up to 20 min through the
experimental chamber.

Light-induced Fos expression

After two days under constant darkness, rats received an
intraperitoneal injection of either vehicle or methamphet-
amine, 30 min before light exposure (300 lux of white light
for 1h) at circadian time 13.5. After light exposure, rats
were returned to darkness. Rats were deeply anesthetized
with pentobarbital 2 h after the onset of light stimulation
and perfused transcardially with 100 ml of saline, followed
by 100ml of 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.2). Brains were removed and fixed with 50 ml
of 4% paraformaldehyde and transferred to 30% sucrose
solution in 0.1 M phosphate buffer. Hypothalamic blocks
were cut into sections at a thickness of 30 um from rostral
to caudal SCN on a freezing microtome. The sections were
processed for immunohistochemistry according to the
avidin—biotin—-peroxidase complex method. Primary anti-
body (anti-Fos, Cambridge Research Biochemical 1:5000)
was diluted in 0.1 M phosphate buffer containing 1%
normal goat serum in 0.3% Triton X-100.
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To determine the rostral-caudal distribution of Fos-
immunoreactive neurons through the SCN, sections at
30 um intervals were selected for analysis from each animal.
Alternate sections were stained with Cresyl Violet to show
the localization of the SCN. The number of cells which
expressed Fos immunoreactivity was counted on selected
sections from rostral to caudal SCN. Average cell numbers
per unilateral SCN were calculated and shown as number of
cells/SCN.

Methamphetamine-induced monoamine release

Hypothalamic slices (450 pm), including the SCN, were
cut coronally using a Sorvall tissue slicer. After | h pre-incu-
bation, slices were incubated with methamphetamine
(1-100 uM) in 170 ul Krebs~Ringer solution for 20 min.
These solutions (100 ul) were transferred immediately to
sample wells containing 10 ul of 0.5 M HCIO, for quantifi-
cation of 5-HT released into the medium. Slices containing
monoamines were extracted with 200 ul of 0.5 M HCIO,
containing 0.1% Na,S,0; and 0.1% EDTA by sonication
in sample wells on ice. After centrifugation at 10,000 x g for
10min at 4°C, supernatants of both the incubation and
sonicated solutions were collected for measurement of
monoamine content, which was determined with an HPLC—-
electrochemical detection system, including a reverse-phase
HPLC column (ODS1181, 3 ym, 6.0 mm x 250 mm, Erma)
and electrochemical detector (E-100, Eicom). The electrode
potential was set at +0.65V against the Ag/ApCl reference
electrode. The mobile phase consisted of 0.5 g/l heptane
sulfonic acid (Tokyo Kasei Inc., Japan), 1mM EDTA
(Sigma), 8% acetonitrile (Hayashi Pure Chemical), and was
adjusted to pH 3.0 with orthophosphoric acid (Merck). The
flow rate was 1.0 ml/min. The data were analyzed with a
chromatographic integrator (Waters model 730).

Light-induced phase shifts of free running rhythm in hamsters

Adult male golden hamsters (Mesocricetus auratus,
90-150 g; SLC Animals Co., Shizuoka, Japan) were housed
individually in transparent plastic cages (20 x 30 x 14 ¢cm),
each equipped with a 13 cm diameter running wheel, which
closed a microswitch with each revolution. Wheel-running
activity was recorded continuously by a computer. Hamsters
were provided with food and water ad libitum and kept
under conditions of constant darkness.

After at least 10 days in constant darkness, animals
received intraperitoneal injection of saline or methamphet-
amine 30 min before light exposure. Injections were per-
formed under dim red illumination. Animals were
transferred to the light stimulation box (30 x 40 x 40 cm)
and exposed to white light for 15 min at an average illumi-
nance of 200 lux at either circadian time 14 or 20. After light
stimulation, animals were returned to their respective wheel
cages under constant darkness. Animals that received drug
injection without light treatment were handled as described
above and returned to the cages under constant darkness
immediately after injection. The onset of the phase of
activity was calculated from data for 10 days of stable
activity after manipulation. The distance between the two
lines on the day of the manipulation was measured and this
value was taken as the phase shift.

p-Chiorophenylalanine methyl or N-(2-chloroethyl)-N-ethyl-
2-bromobenzylamine  treated rats and 5,7-dihydroxy-
tryptamine-treated hamsters

p-Chlorophenylalanine methylester hydrochloride (p-
CPA; 300mg/kg, concentration 70 mg/ml saline), which
causes selective depletion of brain 5-HT,* was injected i.p.
once daily for three successive days. p-CPA-treated rats
were killed 24 h after the last injection. N-(2-Chloroethyl)-
N-ethyl-2-bromobenzylamine (DSP-4), which causes selec-
tive depletion of brain noradrenaline,* was injected into rats
intraperitoneally at 50 mg/kg. DSP-4-injected rats were then
killed two weeks after injection.
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Intraventricular infusion of the neurotoxin, $,7-dihydrox-
ytryptamine creatinine sulfate (5,7-DHT), was reported to
result in lasting damage to ascending serotonergic systems
in the hamster brain** Hamsters were pre-treated by
intraperitoneal injection of desipramine hydrochloride
(25mg/kg in saline) 30min before being anesthetized
by intraperitoneal injection of sodium pentobarbital
(40 mg/kg) during the light phase of the photoperiod and
placed in a stereotactic instrument. Hamsters received a
bilateral infusion of 5,7-DHT (75 ug of the free base in
2.5 ul 0.5% ascorbic acid per lateral ventricle) through a
Hamilton syringe (coordinates: 2.3 mm lateral, 0.5 mm ros-
tral to bregma and 3.8 mm ventral to the skull surface, with
the skull level between lambda and bregma). Each infusion
took place over a period of 5min.

Drugs and data analysis

The drugs used in this study were D-methamphetamine
hydrochloride (Dainippon Inc. Osaka, Japan), p-CPA (Re-
search Organics Inc. OH, U.S.A.), DSP-4 (Sigma Chemical
Co., St. Louis, MO, U.S.A.) and 5,7-DHT (Sigma). Results
are expressed as means + S.E.M. Statistical significance was
determined by ANOVA and differences between means were
tested for significance using Dunnett’s test or Student’s
1-test.

RESULTS

Optic nerve stimulation-induced vasoactive intestinal
polypeptide release

Spontaneous release of VIP from an SCN slice in
the presence of vehicle of methamphetamine (10 ul
water) for 10min was regarded as 100%. The
amount of spontaneous VIP release was 1.9 +
0.06 fmol/10 min/SCN, and this value decreased to
89.1 + 4.7% in the absence of stimulation for 10 min.
By optic nerve stimulation for 10 min, the amount
of spontaneous release increased 1352+ 8.6%
(P <0.01 vs no stimulation, Student’s z-test). This
increase disappeared when slices were perfused with
low-Ca®* Krebs-Ringer solution (before stimulation:
1.85 4+ 0.38 fmol/SCN; under stimulation: 1.82 +
0.03 fmol/SCN). Methamphetamine failed to affect the
spontaneous release of VIP for 10min (P > 0.05 vs
vehicle treatment, Dunnett’s test; Table 1). The release
of VIP induced by optic nerve stimulation was atten-
uated significantly and in a concentration-dependent
manner by treatment with methamphetamine in the
range from 1 to 100 uM (P < 0.05 at 10 and 100 uM
methamphetamine, Dunnett’s test; Table 1).

Optic nerve stimulation-induced field potentials

Stimulation of the optic nerve induced a field
potential in the ventrolateral SCN. Bath application
of methamphetamine (10 uM) for 20 min attenuated
the negative wave of the SCN field potential
(Fig. 1A). However, these effects were completely
reversed after 20~60 min of washing with normal
Krebs-Ringer solution. Methamphetamine caused
significant and concentration-dependent (1-100 p M)
inhibition of the SCN field potential (P < 0.01 at 1,
10 and 100 uM methamphetamine) (Dunnett’s test;
Table 2), and maximal inhibition was achieved at a
concentration of 100 uM (24.5 + 1.34%).
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Light-induced Fos expression

Exposure of saline-injected rats to light at circadian
time 13.5 resulted in Fos expression within the SCN
region (Fig. 2c). The majority of cells that displayed
Fos-like immunoreactivity were located in the ventro-
lateral region of the caudal SCN, corresponding with
the terminal field of the retinohypothalamic tract.
Injection of methamphetamine 1 or 5 mg/kg meth-
amphetamine 30 min before light stimulation reduced
the number of Fos-like immunoreactive cells in a
dose-dependent manner (Fig. 2d, e). At a dose of
5 mg/kg, methamphetamine reduced the number of
Fos-like immunoreactive cells in the SCN region by
approximately 70% (85.4 + 5.2 cells/SCN for saline
injection; 59.8 + 5.6 cells/SCN for methamphetamine
injection; P < 0.05, Dunnett’s test; Table 3). Injection
of methamphetamine (5mg/kg) without light ex-
posure did not induce Fos expression in the SCN
(Fig. 2b).

Effects of methamphetamine on light-induced phase
shifts of free-running rhythm in hamsters

Light stimulation 30 min after intraperitoneal in-
jection of saline induced large and stable phase shifts
of the free-running wheel activity rhythm (Figs 3, 4).
Light exposure at circadian time 14 following a saline
injection resulted in a significant phase delay of
—1.27+£0.05h (n = 5) (P <0.01 vs non-light stimu-
lation, —0.16 +0.90 h, n = 3; Student’s ¢-test), while
light stimulation at circadian time 20 caused a signifi-
cant phase advance of +2.51+023h (n=4)
(P < 0.01 vs non-light stimulation, +0.19 + 0.063 h,
n =9; Student’s z-test; Fig. 3A, C). Injection of
methamphetamine (10 mg/kg) 30 min prior to light
exposure attenuated both the light-induced phase
advances and delays (Fig. 3B, D). Injection of meth-
amphetamine (10 mg/kg) at circadian time 20 caused
about 65% inhibition of the light-induced phase
advance (4+097+0.08h, n=4, P <0.01 wvs
saline + light), while 5mg/kg inhibited the phase
advarice by about 50% (P < 0.05 saline -+ light; Dun-
nett’s test; Fig. 4). Similarly, injection of 10 mg/kg
methamphetamine 30 min prior to light stimulation
at circadian time 14 inhibited light-induced phase
delays (—0.855+0.127h, n=4, P <0.05 vs
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saline + light; Dunnett’s test). Injection of 10 mg/kg
methamphetamine without light exposure failed to
alter the phase of the activity rhythm at both
circadian times 20 (—0.174+0.09h) and 14
(—0.09 £ 0.04h) (Fig. 4).

Methamphetamine -induced monoamine release

Although spontaneous 5-HT release was not de-
tected, methamphetamine application for 20 min in-
creased 5-HT release from the SCN slices in a
concentration-dependent manner (Table 4). The ab-
solute value of methamphetamine (100 pM)-induced
5-HT release was 1.84 + 0.68 ng/SCN, and this value
corresponded to 46.6 + 1.03% of total 5-HT content
(P <0.01 vs 1 uM methamphetamine application,
9.13 + 1.42%, n = 4, Dunnett’s test).

Spontaneous noradrenaline release was detected at
a level of 0.267 ng/SCN, and this value corresponded
t0 4.19 + 0.91% of total noradrenaline content. How-
ever, methamphetamine application did not affect
noradrenaline release (Table 4). Dopamine release
was not detected from the SCN using our HPLC
system.

Optic  nerve  stimulation-induced  suprachiasmatic
nucleus field potential in the p-CPA- and DSP-4-
treated rats

We confirmed that p-CPA reduced the content of
5-HT in the cerebral cortex by HPLC (data not
shown). In p-CPA-treated rats, bath application of
10 uM methamphetamine for 20 min did not inhibit
optic nerve stimulation-induced SCN field potentials
(Fig. 1B). Even 100 uM methamphetamine caused
only slight inhibition of field potential in the p-CPA-
treated animals (80.8 +7.8% for p-CPA-treated,
24.5 + 13.4% for saline-treated, P < 0.05; Student’s
t-test; Table 2). In contrast, 10 uM methamphet-
amine inhibited the field potential of the SCN in the
DSP-4-treated rats (Fig. 1C), similarly to saline-
treated rats (Fig. 1A).

Effect of methamphetamine on light-induced phase
advance in hamster with 5,7-DHT

In 5,7-DHT-treated hamsters, 10 mg/kg meth-
amphetamine failed to reduce the light-induced phase

Table 1. Effects of methamphetamine on spontaneous and optic nerve stimulation-induced vasoactive
intestinal polypeptide release from suprachiasmatic nucleus slices

Methamphetamine (M)

Vehicle 1 10 100
Non-stimulation 89.1 + 13.9(9) 84.7 +4.0(2) 84.6 + 1.2 (4) 952 + 14.4 (2)
Stimulation 135.2 £ 8.6 (9) 107 + 10.1 (2) 921+ 17.1 (4)* 84.4 + 9.0 (4)*

Spontaneous release of VIP from SCN slices in the presence of vehicle of methamphetamine (10 ul water)
for 10 min was regarded as 100%. To examine the effects of methamphetamine on spontaneous release
of VIP, this drug was applied for 10 min at Zeitgeber time 13 without stimulation of the optic nerve.
To examine the effects of methamphetamine on optic nerve stimulation-induced VIP release, this drug
was applied for 10 min at Zeitgeber time 13 with stimulation of the optic nerve. Vehicle indicates 10 u1
water treatment. Data represent % of pre-release (mean + S.E.M.). Numbers in parentheses indicate
the numbers of slices examined. *P < 0.05 vs vehicle (Dunnett’s test).
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advance in  hamster wheel-running rhythm
(+190+0.21h for 5,7-DHT-treated, +0.97 +
0.082 h for non-treated, P < 0.01; Student’s f-test,
Figs 3F, 4). Treatment with 5,7-DHT produced no
effect on the light-induced phase advance of free-
running activity rhythm.

DISCUSSION

In the present study, we examined whether meth-
amphetamine modifies the photic entraining re-
sponses of the circadian clock in the SCN via 5-HT
release. Methamphetamine application in vitro atten-
uated the release of VIP from the rat SCN induced
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by optic nerve stimulation, and also inhibited optic
nerve stimulation-evoked field potentials in rat SCN
slices. Furthermore, systemic administration of meth-
amphetamine attenuated light-induced Fos ex-
pression in the rat SCN and also light-induced phase
shifts in hamster wheel-running rhythm. Meth-
* amphetamine application induced 5-HT release from
the rat SCN slices. In addition, reduction of 5-HT
content attenuated the inhibitory effect of meth-
amphetamine on optic nerve stimulation-induced
SCN field potential and light-induced phase advances
of hamster wheel-running rhythm. Although meth-
amphetamine-induced rhythms in SCN-lesioned rats
are independent of environmental lighting,' the
present results demonstrated that methamphetamine

wash-out

//“”‘

(%

W

_

Fig. 1. Effects of methamphetamine on optic nerve stimulation-evoked field potentials in saline-(A),

p-CPA-(B) and DSP-4 (C)-treated rat SCN slices.

Representative examples. Fach trace represents eight

superimposed sweeps. Methamphetamine at 10 uM was applied for 20 min followed by 60 min washout.
Calibration: 0.5mV, 10 ms.
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Table 2. Dose-dependent effects of methamphetamine on optic nerve stimulation-evoked field
potentials in the suprachiasmatic nucleus from saline- or p-chlorophenylalanine methyl ester-treated

rats
Methamphetamine (uM)
Vehicle 1 10 100
Saline-treated 101 £ 3.0(5) 54.1 £9.3 (4)** 29.6 + 7.3 (3)** 24.5 £ 134 (3)**
p-CPA-treated 101 4+ 3.0(5) 86.4 +15.4(4) 83.5+ 12.0 (D7 80.8 £ 7.8 (3)t

The control value before methamphetamine application was set to 100%. Data represent % of control
value (mean + S.E.M.). Vehicle indicates 10 ] water treatment. Numbers in parentheses indicate
the numbers of slices examined. **P < 0.01 vs vehicle (Dunnett’s test). +P < 0.01 vs saline-treated

rats (Student’s ¢-test).

can modify the photic entrainment of the circadian
clock in the SCN via 5-HT release.

Exposure to constant light significantly decreases
VIP- and peptide histidine isoleucine immunoreactiv-
ity in the SCN.? SCN levels of VIP and VIP mRNA

have been reported to be higher at night than during
the day under a light-dark cycle.***% Microinjection
of VIP, peptide histidine isoleucine and gastrin-
releasing peptide into the SCN produces a phase
delay when these peptides are administered during

Fig. 2. Representative photomicrographs demonstrating the effect of systemic administration of meth-
amphetamine on light-induced Fos expression in the rat SCN. Animals were maintained under constant
darkness for two days, and then received intraperitoneal injection of either saline (c), 1 mg/kg meth-
amphetamine (d) or 5 mg/kg methamphetamine (¢) 30 min prior to light exposure (300 lux for 1 h) at
circadian time 13.5. Methamphetamine was administered at circadian time 13.5 under constant darkness
for two days (a, b). Animals were perfused 150 min after injection of methamphetamine. (a) Cresyl Violet
staining; (b-e) Fos immunostaining. a and b were from the same animal. Scale bar = | mm.
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Table 3. Dose-dependent effects of methamphetamine on light-induced Fos expression in the rat
suprachiasmatic nucleus

Methamphe/tamine (mg/kg, i.p.)

Saline

1 3 5

Number of Fos-like
immunoreactive cells/SCN

42.7+2.6(6)

387449 (4)

36.1+20(4) 249+ 28 (4)*

Data represent means + S.E.M. Numbers in parentheses indicated the number of animals examined.
Methamphetamine was administered 30 min before light exposure (300 lux for 1 h) at circadian time
13.5. Animals were perfused 120 min after onset of light exposure. *P < 0.05 vs saline controls

(Dunnett’s test).

the early subjective night.* Thus, VIP may be an
important peptide in processing photic information
in the SCN. Recently, we reported that NMDA
treatment in vitro increased the release of VIP, and
co-treatment with VIP and gastrin-releasing peptide
during subjective night produced a phase delay of
SCN activity rhythm.>® In the present study, we
demonstrated that optic nerve stimulation increased
the release of VIP from SCN, and this increase
disappeared when the slices were perfused with low-
calcium solution. These observations indicate that
optic nerve stimulation causes the release of VIP from
the rat SCN in a Ca®"-dependent manner. Thus,
application of light pulses in vive or optic nerve
stimulation in vitro may increase the release of VIP,
and released VIP may participate in the phase
changes of circadian clocks in the SCN. Meth-
amphetamine treatment concentration-dependently
attenuated the release of VIP from the rat SCN
induced by optic nerve stimulation, but did not affect
spontaneous VIP release. This result suggests that
methamphetamine dominantly attenuates the VIP
release in response to optic nerve stimulation,
although the mechanism of this inhibition is uncer-
tain at present.

Electrical stimulation of the optic nerve elicits field
potentials in the ventrolateral SCN regions, recorded
using rat”’ or mouse’® hypothalamic slices. Bath
application of methamphetamine dose-dependently
inhibited the optic nerve-evoked field potential. The
present results indicate that methamphetamine may
have an inhibitory effect on the regulation of neuro-
transmission in the retinohypothalamic pathway to
the SCN.

Photic regulation of the expression of the immedi-
ate early gene c-fos in the rodent SCN has been
demonstrated and studied extensively.!!#541-43.48
Although the functional significance of this regu-
lation is unclear at present, Fos induction does
appear to provide a useful marker for monitoring
photic entrainment with the SCN. We found that
administration of methamphetamine reduced the
number of Fos-like immunoreactive celis throughout
the ventral SCN. In contrast to the hamster, the
ventral SCN is the only region in rats which shows
Fos-like immunoreactivity in response to photic stim-
uli at night.>*®* Administration of methamphet-

NSC 72/1—H

amine without application of a light pulse did not
induce Fos-like immunoreactivity in the SCN. It has
been reported that administration of methamphet-
amine induces Fos-like immunoreactive cells through
activation of dopaminergic D, receptors.” As there is
almost no D, receptor expression in the adult rat
SCN,* methamphetamine administration alone
failed to induce Fos-like immunoreactivity in the
SCN.

We demonstrated that methamphetamine appli-
cation increased 5-HT release but not that of nor-
adrenaline release from rat SCN slices. In addition,
reduction of 5-HT content by p-CPA attenuated the
inhibitory effect of methamphetamine on optic nerve
stimulation-induced field potentials. It was reported
in a microdialysis study that methamphetamine infu-
sion into the SCN increases extracellular 5-HT.* The
SCN receives robust serotonergic projection from the
midbrain raphe nuclei that terminates predominantly
in the retinorecipient region of the SCN.%¥* 5.HT
projection to the SCN appears to preferentially termi-
nate on VIP neurons.®?? Interruption of 5-HT
neurotransmission reduces the VIP immunoreactivity
of cell bodies and fibers in the SCN,"** and 5-HT
depletion by p-CPA decreases VIP mRNA in the
SCN.#' Therefore, these reports and our present
results suggest that release of 5-HT by methamphet-
amine modulates VIP release and field potentials
induced by optic nerve stimulation, and also light-
induced Fos expression.

It is known that injection of serotonergic agonists
during subjective day results in stable phase advances
of the circadian rhythms. ¥ This effect appears
to be mediated through 5-HT,, receptors.!***® In
addition to the direct effect of 5-HT on the circadian
oscillation, it has been reported that 5-HT has an
inhibitory effect on the response of the SCN oscillator
to light: (i) firing rates of light-activated SCN cells,*
(i1) optic nerve stimulation-induced field poten-
tials,”* (iii) light-induced Fos expression in the
SCN!3#431 and (iv) light-induced phase shifts of the
free-running activity rhythm;* all these responses are
inhibited by 5-HT,, receptor agonists.™* In the
present study, we demonstrated that methamphet-
amine attenuated the light-induced phase shifts of
hamster wheel-running rhythm, and this attenuation
was not observed in hamsters with 5-HT depletion
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Fig. 4. Dose-dependent effects of methamphetamine on the light-induced phase shift of free-running
activity rhythm in 5,7-DHT-treated hamsters. Data represent means + S.E.M. Numbers in parentheses

indicate the number of animals examined.

*P < 0.05,
#*P <0.01 (Student’s /-test).

**P <0.01 vs saline + light (Dunnett’s test),
N.S., not significant.

Table 4. Dose-dependent effects of methamphetamine on release of serotonin and noradrenaline from
rat suprachiasmatic nucleus slices

Methamphetamine (uM)

Control 1 10 100
Noradrenaline 4.24+09(12) 42+19@) 4.5+1.6(4) 44+134)
5-HT N.D.(12) 9.1+1.4(14) 17.4 +3.8(4) 46.6 + 1.0 (3)**

Methamphetamine was applied for 20 min. Data are expressed as %

[release/(content + release) x 100}
of slices examined. **P < 0.01 vs
detected.

by 5,7-DHT. These reports, along with our present
results, suggest that methamphetamine increases
the release of 5-HT, and this released 5-HT inhibits
the photic response via activation of 5-HT,,-like
receptors.

Methamphetamine is also known to induce release
of noradrenaline in the CNS (for review see Ref. 50).
However, in the present study, methamphetamine did
not increase noradrenaline release from the rat SCN.
This suggests that there are few releasable varicosities
in the SCN. It is unlikely that noradrenaline is
involved in photic entrainment in the SCN, because
tyrosine hydroxylase-immunoreactive fibers are
rarely found in the ventrolateral part of the SCN,’
and noradrenaline content in the SCN of rats kept
under light-dark cycle or constant darkness show
significant variations over the day.’ Furthermore, in
the present study, reduction of noradrenaline content
by DSP-4 did not affect the inhibitory effect of
methamphetamine on optic nerve stimulation-
induced field potential. This suggests that meth-
amphetamine-induced inhibition of optic nerve-SCN
synaptic transmission is unlikely to be involved in the
noradrenaline release by methamphetamine. Thus,

release of total content

(mean + S.E.M.). Numbers in parentheses indicate the numbers
I M methamphetamine (Dunnett’s test). N.D., release was not

these observations suggest that the inhibitory effect of
methamphetamine on the photic entraining response
may rarely mediate noradrenaline release.

There is evidence that glutamate mediates photic
information to the SCN through NMDA recep-
tors."?%*% Glutamate application has been reported
to cause phase shifts of circadian rhythm in vivo* and
in vitro."™** Recently, it was reported that microdialy-
sis application of 5-HT,, receptor agonists reduced
spontaneous release of glutamate from the SCN.%
Taken together, these observations suggest that meth-
amphetamine attenuates the photic entrainment via
methamphetamine-induced 5-HT release, which may
inhibit retinohypothalamic glutamate transmission.
Retinohypothalamic transmission has been reported
to be inhibited by methamphetamine (present study),
5-HT, a GABAj receptor agonist (baclofen) and
glutamate receptor antagonists.

CONCLUSION

In this study, we made the following observa-
tions: (i) methamphetamine inhibits optic nerve
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stimulation-induced VIP release and field potentials
in SCN slices; (ii) methamphetamine inhibits light-
induced Fos expression in the rat SCN and phase
shifts in the hamster wheel-running rhythm; and
(i) reduction of S5-HT activity attenuated the

M. Ono et al.

present results suggest that methamphetamine
inhibits the photic entraining response in the SCN
predominantly by 5-HT release. It will be interesting
to determine whether antidepressants and reuptake
inhibitors of 5-HT exhibit effects similar to those of

effects
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of methamphetamine. Therefore, the methamphetamine.
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