BYEEAOER L DH VIR L 2w, @ AMP
B ELTwH AMP, X% v 7x% &~ (metham-
phetamine : MAP) %4 ], 2 # 4 v, L-DOPA (L-
dihydroxy phenylalanine) 7t ¥ @ DA fm#E % i X ¥
ZEYNL, MERME & XA L 237 LR - ZRE»
FleRy, @ —HOMERPERE CREEE L
5D ED DA fE#F L D BERDHER S NS,

—7, BHERC W T, AfEEE GG e Uiy
RERDA =a—u v OBRET L OBE 28T 2
WHEE b Z w03, OB DA ZEEZEN T 25
A 7 OHRMRRIC LD HERHELZ T 5099, @
DA FEEIEIRABNZWEEZ D25 T LTV 20,
@SB D 7347 T AR BB O DA %7:13 DA R
WEGOREDBME SN THRWIR Y, KT 2RI
IZZ Ly,

2. AMPEFIL (®D

1) AMP 250 DA =& =X 7 3 /e
WERRERRE PRI S ¥ 52 O DA FEIEE 1L,
DAGEZ2AES T IBENR I 32, AMPH
(AMP, MAP) 8X U A F N7 x=F— )i, DA,
V7 RV J Y > (noradrenaline : NA), +tu b=
(5-hydroxytryptamine : 5-HT) %R XD b 5 > A R—
F—p ol DRAEh (fEP DM & IZ NA=DA>>5-
HT), ZhoDE/7 S yORBEEET 29, &
DA RAOTER I EEMC T & 1, DA #ERFRICH D
RENT AMP R Y F 7 R /NEA~D DA O % [
FEHL, ZOFBREIML /MR ER DAL N 5
AR—F — BN U Ty F 7RI HH% S h 3 o §e
BEZOHNTWEY, a4 VYRFE/TEVITI VR
R—F —WHEEL T, NA, DA, 5-HT B ¥ O b A
HEHET 59, L-DOPA %, #WHEKKTD DAL
EEDH B,

ik AMP EHFHEFET DA KTUEE 7L ORBEST
i, DAV VAR—=F =% /7977 T LIzEEK
DAHEMPEL, NARSHT O b T v AR—F Rk
BELLRWZ s, DAGERRE L FEBECEKRLT
WaZEDHERINT NS,

SEARE b 11 e S BBiE OIRE & © DE 7 VIR

R 1. AMP £ 7L X EERIED IR - TR E

BIEBEIEM + +

EETEN + +
TUEBRERIC LD iE + + BRIYHY
PPIRE ® + +
(BEBEERTIHEE

HENTEIRES NT +
RAAEREE + NT +
DA {EB RS % TUHE FUE
NMDA RS e TLHE TUEE
FERTT —d + +

a PPl p. 61 DRSS
b i BEMEER E OBEEL AN D
CERITHOI bRELEILVIEKIN DY, BHEHE
EIMEBEEL LW
dEFBTHEREFHICKEETICET A, EHNAEEMmE
NT : Ri&5
(W) M, 2003V & DRI

2) 2EREETL

DA fFEi3r A Es LBk, BnEgsE (&5
S[E2EE) oM, ERTEH GELERED, Wa,
K7 & OMERTHMZEIEE < VRTEETE) &
EBED N, INbDORETEN, FEHBEED D,
ZEBEMEROBES ERAIL TlFisn 32, Zh
&, MARRERBEERFELRE L8, HE%k
FE LR CEEEA M E 2 b ORESHB T 2 2 L 2R
L, BEOETNVEEZOND XD WikoTz, iz, ¥
ERFEBRE I A 5N 5 PPlL(prepulse inhibition) *¥&
DREH, AMPEH22ERE LB IREDOL
51, ‘

3) T F L

AMP $75 © 0 DA B3 B & /2 A KEHR G U
BWTE, Ins Oy 2BEENTHEL TEE
TERECRT 2D, HMERRD 5 WIFITEIRE
(behavioral sensitization) & it 200, MM
T, O—BRIIT 2 LEYRE 2P IELTH R
Dl BEREOTEIRRR T 2 (REARSE), @ wi
BLEEYEI» D THL, o DAFHERA MV A
WU THREZMENE & 2 (REMME), & & OB
PRED S,
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%)1)11)12).

T PEER SR D 5> RS TV 3 PRB S T wis s,
D, 2 BRSSO R 2 HEL, DIFEZE
DTSN SR IND I LR EDD, TORIKE
3 D EEHORBSEE R EE 2R L RS NT
WY, Lsl, D,/ v 27V v Y AT AMP
DTS E 555 RS 2 &0, NMDA
NG % 12 U s DA DM OREROBIEICL>TH
AMP ~OMHESEE SN S Z L2 Eh b, Ml
ORI EEROY 7 F VEEROBSSH 2 61
O & Fr, AR L B O iz B 1 5 DA
SR, BRI &, BRIy iz g b <
AMP £ 3 % 4 Y OFZEGRICHERT 5 LI RED
HoY, FHERLHY, SHKRTEET 5.

X S WESE, —ERIL LMt = 2 B
AEOP DR AGBEHEOORERSC L VHEELT S
T L SR R, AT R SR O 5 TR ORI SRR
REORBELEHATHOBA» SEHEIN TS,

4) #rERIBED DAREICHET 3 AMP ORE
BB e DR I & - C, HERFED AMP JHI
w2 KB R, SERIEFT TR DABREDORA»S b
BEtT 5 2 L STREE D, 1990 ERE LT 505
BEHELOBOPREIND DI,
EMizAROAMP 25T 5 &, MONEEDA
WHEHEL, ZhEBAT 2 HEEMED 4 RO DA
AT 5. OB Y > T AERANO
DA WEHEDIREER KB L T\ 2, AMP 285 L7-HiE
LHEBE DA B T 5 DA DBEMEY 7
v RfSE O 3% single photon emission computed
tomography (SPECT) =% positron emission tomogra-
phy (PET) THIE ULz & 2%, IEFEMREL LB T
kX <0, IR OB LB L Twe,

BRI, HALTE Tk DA MR EEOHMIES

BH Y, AMP Iz & - THAE O DA 258HIICE s 1
PFVIhiZ, BHEERSEET 22 TRRL Ty
5.

—%, 2hETOPET X USPECT % \wicilts
DIFEAET, MEKRERZOBEE BT 5 DX
REHESHEOELIRHEN TRV FEEMKOR
LTI DB AREPMENL T 5 L v )RS
S, REBEORERERT ZLEND DY), &
S, EREH I HEEE S LT W B N DA O E MG
ShiEU®i, 2%, DA GHEFEOAERE W &
Dy 7 ARRO DA 2458 S ¥ 3O D2 B
SREDERBE L FIFE TR, MARREREOE SN
BEE LY ZOESEEICKE L, HEiEK DAERMOD
BRI X 72, k1, BAESKEVEMN TR
FEREEADKIERIFTH 5 1219,

& 51T, FAETERE ORI TIE, DA ORIEAE
ZiEzE 7. [BF] L-DOPA OERO LHEPREINT
V5202 2 id DA SEAEIML T2 b EFE RS
n (DA 13 NA OFERETS H 1D, L-DOPA OETE I
NAGE E bR T 25, BEEONAREEZEDD
TS, Bhie DAEGESRBE N 5), DA EEIRF
{E T TEE L,

FRUEFIRED > B, AMP #&5% 0%, #mEiE
DR S -8 © AMP R a5 4 v OFREHRICE
HATEH OB L R E 0 DA BB OB AN & 615 &
VWA REED LML TE Y, AMP 5V EREKRE
OFEEEIZBEEL D B T L B ERL T b, DA R
Rz BB ERN T DA ORI B X UARORE I,
WS & OB A28, AMP 5K FEI T
ZDAEED 74— F Ny 7 ROBECLoTHIzH
SNBHHEMHEYDH 5.

%4, DAREE - AMP EFILODRST

DA ZEREIEEHI, MERFEICB L TaTY Y
CHHHI MBI RBE > TRV, BN TET S
RBon Ty o, WEEMAOERICE > TWI A
<, AMPEF NV E EbICwEA L L TEERMER S
DTS, SFEEFEOTET S, DEAEOMBEA
(7% BIE S ¥ 2 Ser 311-->Cys § A& ¥ AZEHH
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AR—F =S L0, EYdh btk b & OREEDS R
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7z& 21E, NMDA BV F 3 B AENT 351,
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DRI FREPET 29 FEA 2V -2V 7T 58K
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Neuroanatomical and Molecular Changes
in Stress Responses During Early Life:
Implications for Stress Disorders B

Toru Nishikawa, Akeo Kurumaji, Takashi Ito, Asami Umino, and Sumikazu Ishii

1. Introduction

Clinical observations have indicated that the symptoms and course of stress disor-
ders including posttraumatic stress disorder (PTSD) vary with the developmental
stages(Amaya-Jackson, 1995; 2000; McDermott and Palmer, 2002). For instance,
childhood delayed-onset PTSD symptoms have often been described in victims of
severe physical abuse, sexual abuse, or both (Amaya-Jackson 2000). These differ-
ences between the child and adult periods appear to be associated with the onto-
genic development of the stress responses that compose a major defense and adap-
tation system to environmental stimuli. Therefore, clarifying the neuronal and mo-
lecular basis of the age-related changes in stress responsive systems should lead to
a better understanding of the pathophysiology of and to a novel therapy for stress-
related disorders. However, little effort has so far focused on these developmental
aspects. ‘ :

From this point of view, it is of interest to note that infant rats aged from about 2
to 14 days show an extremely low adrenocortical response to some systemic stress-
ors (Fig. 1; Sapolsky and Meaney 1986; Vazquez 1998). This stress hyporesponsive
period could reflect the ontogeny of the hypothalamic-pituitary-adrenocortical
(HPA) axis or its regulatory neuron circuits (Sapolsky and Meaney 1986; Vazquez
1998). Postnatal development of the hippocampal glucocorticoid and mineral corti-
coid receptors has indeed been shown to play a substantial role in the postnatal shift
in the stress-induced adrenocortical response (Vazquez 1998). It is also suggested
that the alterations in the stress responses of the HPA axis could result from the
maturation processes of the neuron networks and molecular cascades of a distinct
stress responsive system until a certain developmental period around postnatal day
14. The maturated system might contain the particular brain regions and substrates
that could exhibit a developmentally regulated response to a stressor (N ishikawa et
al. 1993).

To test this hypothesis, we investigated the effects of a pharmacological stressor,

Section of Psychiatry and Behavioral Sciences, Tokyo Medical and Dental University
Graduate School, 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8519, Japan
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Stress hyporesponsive
period Postnatal days

0 2 8 14 56

FG-7142
injection
= c~Fos ® C-FOS
* DNA array * DNA array

Fig. 1. Schematic representation of the postnatal development of adrenocortical responses to
systemic stressors. The stress hyporesponsive period should be noted. The arrows indicate
the postnatal days for the experiments that examined the regional and developmental differ-
ences in the gene expression following a pharmacological stressor, FG-7142. ¢-Fos, c-Fos
immunostaining as a brain activity mapping; DNA array, exploring developmentally regu-
lated stress-responsive transcripts using a DNA array technique

N-methyl-B-carboline-3-carboxamide (FG-7142), on the regional brain activity in
infant and adult rats by monitoring the c-fos gene expression as the ¢-Fos immuno-
reactivity in brain slices (Morgan and Curren 1991). Moreover, we have explored
the molecules that would respond differently to a stressor by applying a DNA array
technique to the brain of the developing rats treated with an acute FG-7142 injec-
tion.

We have chosen FG-7142 as the psychological stressor, because (1) it has been
widely documented that FG-7142 causes anxiety in humans and experimental ani-
mals (Adamec 2000; Sarter et al. 2001; Thiebot et al. 1988), and (2) like various
types of stresses, FG-7142 has also been reported to produce the selective activa-
tion of mesocortical dopaminergic transmission (Bradberry et al. 1991; Deutch et
al. 1991; Tam and Roth 1985), to increase the plasma corticosterone levels (Pellow
and File 1985) and the central noradrenalin release (Nakane et al. 1994). The obser-
vations from in vitro studies showed that FG-7142 acts at the benzodiazepine site of
the y-amino butyric acid A (GABA.) receptor as a partial inverse agonist (Sarter et
al. 2001), and the anxiolytic and antistress property of the benzodiazepine receptor
agonists (Fernandez-Teruel et al. 1991; Luddens and Korpi 1995) indicate that these
behavioral and biochemical influences of FG-7142 may be associated with a re-
duced tone of brain GABA neurotransmission. The relevance of FG-7142 to stress
disorder research seems to be further supported by recent clinical studies indicating
the involvement of disturbed GABAergic transmission in the pathophysiology of
PTSD (Fujita et al. 2004; Bremner et al. 2000).
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2. Developmental Changes in Stress-Responsive Neuronal Systemsu
in the Rat Brain Revealed by Brain Activity Mapping with c-Fos
Immunostaining | |

To clarify the possible differences in the brain stress-responsive systems between
the stress hyporesponsive period and adulthood, c-Fos immunostaining, as a brain
activity mapping, was performed 2 h after an acute and systemic injection of FG-
7142 (10, 20, and 40 mg/kg, intraperitoneally(i.p.)) or vehicle in the 8-day-old in-
fant rats and the 56-day-old young adult rats (see Fig. 1). The rats were transcardi-
ally perfused under pentobarbital anesthesia (40 meg/kg, i.p.) with physiological sa-
line followed by 4% paraformaldehyde (Umino et al. 1995). Immunocytochemistry
was achieved on free-floating coronal sections as previously described (Umino et
al. 1995). The density of nuclei stained by the anti-c-Fos antiserum in the pyriform
cortex, neocortex, lateral septum, lateral habenular nucleus, paraventricular nucleus
of the thalamus, retrosplenial cortex, and the central and medial nucleus of the
amygdala (Swanson 1998) were quantified by counting the number of immunoreac-
tive nuclei per unit area (Kurumaji et al. 2003).

In the adult rats, in agreement with the previous report, a sparse or marked ex-
pression of the c-Fos-like immunoreactivity was observed in the various brain areas
after vehicle (Deutch et al. 1991; Umino et al. 1995; Sato et al. 1997; Singewald et
al. 2003) or FG-7142 (Deutch et al. 1991; Singewald et al. 2003) injection, respec-
tively, at the level of the rostral striatum and hippocampus (Fig. 2). The acute ad-
ministration of FG-7142 (20 mg/kg, i.p.) produced a dense nuclear c-Fos-like im-
munoreactivity in the forebrain areas including the pyriform cortex, layers II-VI of
the frontal cortex, amygdala nuclei, paraventricular nucleus of the thalamus, and
anterior cingulate and retrosplenial cortex (Fig. 2). In other regions, such as the lat-
eral habenula, and lateral septum, a moderate expression of the proto-oncogene
product was detected (Fig. 2). Low or sporadic c-Fos immunostaining was seen in
the hippocampus, striatum, and layer I of most of the neocortical areas. Although 40
mg/kg induced more c-Fos-like immunoreactivity than 10 and 20 mg/kg, a similar
overall distribution pattern of the c-Fos-positive brain cells was observed among
the three doses of FG-7142.

In the infant rats at postnatal day 8, 20 mg/kg of FG-7142 failed to cause an ap-
parent increase in the c-Fos-like immunoreactivity in layers I-VI of the frontal,
cingulate and retrosplenial cortex, lateral habenula, and medial nucleus of the amyg-
dala, but induced a moderate expression of the gene product in the lateral septum
(Fig. 2). In contrast, a similar pattern of c-Fos immunoreactivity was observed in
the pyriform cortex, thalamic paraventricular nucleus, and central nucleus of the
amygdala between the adult and infant rats following the FG-7142 administration
(Fig. 2). In the striatum, the anxiogenic drug produced a patchy and diffuse pattern
of c-Fos induction in the infant and adult period, respectively.

These findings demonstrate the regional variation in the postnatal development
of the expression patterns of FG-7142-induced c-Fos in the rat forebrain. There was
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500 (%)
Veticle 8-day-old rats
FG7142
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300 |- T

200

100
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Fig. 2. The density of brain cell nuclei expressing c-Fos-like immunoreactivity in the fore-
brain of rats at postnatal days 8 and 56 after the systemic administration of FG 7142 (Ku-
rumaji et al. 2003). The rats were treated with FG 7142 (20 mg/kg, i.p.) or vehicle and were
perfused 2 h thereafter. The density is expressed as the number of c-Fos-positive cell nuclei
per square millimeter. Data are the mean+SEM obtained from three to eight animals and ex-
pressed as percentages of the respective control mean values which are: 8-day-old rats; fron-
tal cortex, 18.7; anterior cingulate cortex, 92.0; retrosplenial cortex, 92.7; pyriform cortex
88.0; lateral septum, 105.3; paraventricular thalamic nucleus, 111.6; lateral habenular nucle-
us, 46.0; central amygdalar. nucleus, 61.3; medial amygdalar nucleus, 91.3: 56-day-old rats;
frontal cortex, 84.0; anterior cingulate cortex, 83.7; retrosplenial cortex, 85.0; pyriform cor-
tex 96.7; lateral septum, 130.6; paraventricular thalamic nucleus, 76.8; lateral habenular nu-
cleus, 29.0; central amygdalar nucleus, 51.4; medial amygdalar nucleus, 84.2. " P <0.05,* P
<0.01 as compared with the retrospective vehicle-treated controls
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a marked difference in the distribution and density of the FG-7 142-induced nuclear-
c-Fos in the neocortex including the cingulate and retrosplenial cortex (mesocor-
tex), lateral habenula, lateral septum, and medial nucleus of the amygdala between
the stress hyporesponsive period and young adult period, while the c-Fos expres-
sion pattern remained rather constant in the pyriform cortex, paraventricular nucle-
us of the thalamis, and the central nucleus of the amygdala.

Based upon the adult c-Fos expression pattern, it can be postulated that the brain
regions influenced by FG-7142 may be connected to the stress response systems.
Thus, like the FG-7142 injection, systemic stresses such as noxious stimulation and
hyperosmotic stress, but not processive stresses including immobilization (Senba
and Ueyama 1997), induce a robust c-Fos expression in the central nucleus of the
amygdala. Moreover, all four of these stressors increase the gene product in the cin-
gulate cortex, lateral septum, medial nucleus of the amygdala, and paraventricular
nucleus of the thalamus in adult rats.

The dramatic shift from the infant to adult pattern of c-Fos induction by FG-
7142 could accordingly reflect the development and maturation of a stress-respon-
sive information processing system, and be the basis for the apparent differences in
behavioral modification by the anxiogenic drug between the infant and adult peri-
ods. In our experiments, the systemic injection of 20 mg/kg of FG-7142 (i.p.) caused
a slight locomotor stimulation and discontinuous sniffing and rearing without overt
ataxia and convulsion in the young adult rats (postnatal day 56), but exhibited seda-
tive, hypoactive and less interactive effects on the infant rats (postnatal day 8) (Ku-
rumaji et al. 2003). The neuroanatomical data indicating that the prefrontal cortex,
lateral septum, and medial amygdala send hypothalamic efferents to the paraven-
tricular nucleus of the hypothalamus that regulates stress responses of the HPA axis
(Herman and Cullinan, 1997; Herman et al. 2002) buttress the idea that the much
lower c-Fos induction by FG-7142 in these origin areas of hypothalamic projections
in the infant rats as compared with the adult rats would, at least in part, be associ-
ated with the infant hyporesponsiveness of the HPA axis to stress. In terms of the
ontogenic changes in the lateral habenular c-Fos expression after the anxiogenic
injection, it should be noted that interruption of the habenular efferent pathway at
the level of the fasciculus retroflexus at either 3 or 70 days of age affected the
stress-related anxiety (elevated plus-maze test) and activity levels (locomotion and
grooming in open-field test) in different ways (Murphy et al. 1996). This experi-
ment suggests that the habenula might play distinct roles in modification of the
stress response system as a function of age (Murphy et al. 1996).

3. Exploration of Developmentally Regulated Stress-Responsive
Transcripts in the Rat Neocortex

The present brain activity mapping data indicate the presence of the mature or adult-
type information processing system specifically related to a type of stress including



