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The development of the central 5-HTergic systems
and early postnatal stress
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[Background and Objectives] It is well known that serotonin (5-hydroxytryptamine: 5-HT)
neuronal system is involved in the regulation of emotional stress. Especially, the midbrain raphe
nuclei such as the dorsal raphe nucleus (DRN) and median raphe nucleus (MRN), the main origins
for ascending 5-HTergic projections to the forebrain, are considered to play a critical role in the
regulation of stress responsiveness. Serotonin is one of the earliest developing neurotransmitter
systems in the mammalian brain and eventually becomes one of the most widely distributed systems
in the brain, contacting most cells of the cortex. Thus, the 5-HTergic system develops early enough,
and is widespread enough that it can influence maturation of many other cells in the brain. Given the
association with the development of the 5-HTergic systems and its prominent role in maturation,
early life stress might lead to persistent changes in the 5-HTergic systems, and may alter the
response to emotional stress later in life. I examined whether early postnatal stress influences the
5-HTergic system underlying regulation of emotional stress in adult rats, focusing on the neural
developing of 5-HTergic and GABAergic interneuron in the midbrain raphe nuclei.

[Methods] First, I investigated the postnatal development of 5-HTergic neuron, GABAergic
interneuron and 5-HT/GABA co-localized neuron in the raphe nuclei using immunohistochemistory
and in situ hybridization techniques of the postnatal rat brain. Secondly, I investigated pups were
exposed to aversive stimuli, footshock (FS) at early postnatal period of the second week (2w) and
the third week (3w). At postadolescent period (10-12 weeks old), behavioral study and the
immunohistochemical study were undertaken to investigate the changes of the emotional response
and neuroanatomical changes. To investigate the contribution of the DRN and MRN to
anxiety-related behavior, rats were subjected electrolytic lesion of either the MRN or the DRN,
Finally, I investigated whether administration of the 5-HT reuptake inhibitor, fluvoxamine (Flv),
reverses the abnormal behaviors and neuroanatomical changes of 3wFS rats. For this purpose, pups
were exposed to the FS once a day, 5 days repeatedly at the early postnatal period of the third week.
Immediately after the exposure to the FS, rats were orally administrated the 10 mg/kg of Flv. At the
postadolescent period (10-12 weeks old), behavioral studies and the immunohistochemical studies
were undertaken to investigate the effects of Flv on the emotional response and neuroanatomical
changes. .

[Results and Discussion] First, I demonstrated that the postnatal development of the 5-HTergic,
GABAergic neurons and 5-HT/GABA co-localized neuron in the DRN and MRN. The
immunohistochemical and in sifu hybridization studies revealed that PND21 was important period
for 5-HTergic neural development in terms of the dramatic changes in its organization. It is
supported that 5-HT levels continue to increase and 5-HT axons reach target areas, and the final

innervation occurs robustly up until PND21. On the other hands, development of the GABAergic
interneurons in the raphe nuclei might occur from during PND21 to PND28. Considering the
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relevance of 5-HTergic and GABAergic development, developed 5-HTergic system may
consequently exert the GABAergic development in the raphe nuclei. This hypothesis is sustained
that 5-HT promotes the emergence of the GABA phenotype as demonstrated by the graft of
embryonic raphe cells, and 5-HT increases GABA via increasing GAD67 and GADG65 protein in
cultured rat spinal dorsal horn neurons. 5-HT/parvalbumin co-localized cells in the raphe nuclei also
increased in PND21-PND28. Double immunofluorescence and double fluorescence in situ
hybridization revealed that some 5-HTergic neurons had GAD67 or GADG65. Namely, there is strong
possibility that GABA is synthesized in the some 5-HTergic neurons. Although the functional
consequence of such co-release is unknown, GABA may act on autoreceptors on the presynaptic
axon to regulate 5-HT release. Consistent with this possibility, the presence of presynaptic GABA
receptors on S5-HTergic terminals in the substantia nigra has been suggested. S-HTergic terminal,
however, did not expressed vesicular GABA transporter in 5-HTergic projection areas. Namely, my
results and previous reports suggest that 5-HTergic neurons have GAD activity, but GABA is not
co-released in the 5-HTergic synaptic cleft. Recently, Jagasia et al reported that GABA regulated
neural development via excitation of cAMP response element-binding protein (CREB) during
developmental periods. Thus, increasing GABA in the 5-HTergic neuron during PND21-28 might
contribute to the final development of the 5-HTergic neuron via excitation of CREB.

] demonstrated that the behavioral study revealed that 3wFS, but not 2wES, induced
anxiolytic behavior in response to unconditioned fear stress, which was mimicked by lesion of the
MRN. The immunohistochemical experiment showed that MRN 5-HT-immunoreactive cells were
decreased in the 3wFS group. These results suggest that the developmental changes of the 5-HTergic
system in the MRN likely contribute to the altered behavioral responses to emotional stress in adults.

I clarified whether the early postnatal stress-induced behavioral changes would be

influenced by chronic treatment with Flv or vehicle was administered once a day for 14 days in
3wFS immediately after exposure to FS. The anxiolytic behavior seen in the 3wFS was not found in
the Flv-treated group (3wFS-Flv), whereas such behavior was observed in vehicle treated group
(3wFS-Veh). The immunohistochemical experiment showed that MRN 5-HT/parvalbumin
co-localized cells and parvalbumin positive cells were decreased in the 3wFS-Veh. These
neuroanatomical changes shown in 3wFS-veh group were recovered by chronic administration of Flv.
The mechanism of the reduction of 5-HT/parvalbumin co-localized cell in MRN shown in 3wFS
may be correlated with the reduction of 5-HT immunoreactive cell in the MRN. Although the precise
mechanism is not clear, the co-localized cell might be more vulnerable to stress. Taken together,
aversive stimuli exposed at the third week disrupt normal development of the 5-HTergic and
GABAergic neurons in the MRN, and consequently might cause abnormal responses to emotional
stress later in life.
[Conclusion] In conclusion, aversive stress at postnatal third week affects the S5-HTergic
development in the raphe nuclei. Consequently, dysfunctional 5-HTergic systems might impair the
development of the GABAergic interneurons in the raphe nuclei and its own 5-HTergic neurons. In
other words, the critical period of neural circuit development appears to exist in the 5-HTergic and
GABAergic system, which may be implicated in the lifelong susceptibility to emotional stress.
Furthermore, a certain pharmacological intervention might be potential to treat possibly
raphe-involved disorders.
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AL, SEHO—FHMBEDOA NV AERERT S &, MAMRERRICHEENR
ENELBEDRBPICEDTE, PEHMCRIBZRA NV AER ERHEREEOREEE2
O k=2 (5-hydroxytryptamine: 5-HT)IZ & 2 EESEHGHBICERZ Y T, THEEEBZEY
725 NS REHALZNITRE Uz, FETIE. (1) #EBICBIT 5 5-HT /EEIEMRE,
GABA {EENMENMFEMRE, 5-HT/GABA HEMROERTEEICDNWT, EARBCENTFES
& TN in situ hybridization i %2 W TRET U720 (2) £ 2 WEGEE (QwFS ) 2 Wi 3 B# R
GwFS BYD T v M. HERIMTH 5 RIKER 3 v (foot shock: FS ; 0.5 mA, 2 ¥, 30
BE)%E sHE. 5 BRREARN Uk, REE (10-12 B8RRI BRI T 21T EFHE
RTHHEEATERE (elevated plus maze: EPM) FHBERIC K > T BE8A M LA T 517
EREMERMLU . £z, FIS-HT HiAZ AN REEBIFENFIEICRKD 2wFS BB X
X 3wFS BEOD 5-HT %R DR IEHE T b % EAREMI% (dorsal raphe nucleus: DRN)/2 5 WNZ IE
h#g#4% (median raphe nucleus: MRN)® 5-HT % RSB EMIaECE HE Lz, BEINEIC
W 2REEOREZFANZ BN TEERMT v b O DRN &5 Wik MRN % E5HICHKEE
TBHZEICED S-HT HRRZFBELL (FNTH DRN BEER, MRN %), EPM iz
FAWTAREZEETESH 2RI Lz, (3) 3IwFS HIXAD SNETEREE S L CHERBLFNE/L
W LT, SBIREY S-HT BV AAHERE TH S fluvoxamine REHF S ORIRITONWTHRES
Lz, ZO#E. © SRR 5. i 5-HT Hifk 2 A Wiz BB EHREIC X2 &,
£ 3 BBFICRODRERENRIBO SN, HHN 5-HT GREBFERTH D tryptophan
hydroxylase 2 O mRNA OFHTRE S F- 2% 3 BRKICR RS ZEMVHLS M &R,
BIBZIT BT, GABA HED Y —H—D—D T S parvalbumin HFEZ f THREE G
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LIRS UEER, £% 2 BB TIRIZEAEBEMBENED Shaho=olcx L
T, &% 3-4 AR TIIRBEMENZ <BO LN, I 512 GAD67 mRNA ORBHEIIAE
#% 2 EETIZFL . £B 34 ARBFICEB BRI ZENHS MR-, @ EPMERICB WL
T 3wFS £ D open arm MEREIIFERICEML, AEREBOETERLZ, S 51T 3wFS
FED MRN O 5-HT EBHEMAEIE non-FS BIZHERBEICHD LTz, MRN BERII EPM
HERICB VT open arm ﬁﬁﬁ#?s’iﬁ”ﬁfﬁb:iﬁbﬂbko EBRRRRMITN Y 5 3wFS BEARL
T2 AREKUET, MRN BEBOTHLREEE L T, @ 3wFS HTROOLNEITHE
# (RRAKEDET)B L UHEBEMNEIL (5-HT/parvalbumin 37 #HI3%k3B L X parvalbumin
SRR B D EANIA L 2 BHEED fluvoxamine R 512 &> THE L. BEOK
BNG, 4183 AEEEO X ML AEF L MRN 2813 5-HT SO ZITREZ RIZL., IFE
HAZ B L 2T &k o THEBEIE R L7z S-HT S¥ERIZIE 72 GABA NMEMROFERMET 5 &
WRBE N, Tbb, SHT ME%RB L GABA MEROFEICBVT. REBOEEG
BT B BREHAN I T BERAMINEIET B T LSRR SNz, BERCBNT, BEZOD
TVEIF—Ta vizl, BIEOEXKEEN S, 5-HT/GABA H{EMIRICHBIT S GABA ©
5-HT #iEHEK BN DOHE OB EP LU 5-HT BHEMEERAD O XA Z X AIZDWTHIREE
THEN, CEVEDOELREDOHETH I, BIEOHBBEENS, A VAAWORE -
BEEIC L B EFREEORER. 5-HT R HBIT 2 GABA SBER DF HE, GABA #f
B —J1—& LT parvalbumin DA% FHNWEEHIIDOWT, BIEOREAHEZZN S, 5-HT
HRRUNDE ) 7 I UHEROBNIIDNT, EREIEOHEEZEN S, 3wFS B0
EFNELTOEZROKRAIRDODVNT, FICBEERBOETINERDDIBZNED M, £k,
REKEODETIRIERICEFEBMINTESZN, TOEENEBEELMARICONWT, £EE
B 3 AT Open field test Z2fr > BB EHERICAREEN I DI LW T 2THBAZEK
W5, IHICEBEORBE EHZNSIE. Open field test BN TARLKEEZBRITT B8
WEToMNE DD, home cage THRITBEOUKZLAENESH, BALRHICBTS
PE A% 2ABEIERIBBOMORA MV ANEIEDOHE. 5-HT/GABA £ EMICEE
T3 GABA DEBERICDODWTHEBNRINZ, FEERITXRTOEBIIHLT. B5DER
BREEBEOXHZSI AL, SRENICEELE, BROBERENS. [3wFS TREKE
METI OFRBEN, A VABHEOERE] LRI ZE, DLA WS IZLD TE
BHVEESQET, BRI LR BECHERETRETRVD EOREN S 72,

ZORXIE. HEMICBIF B R MUV EREBROITEISEMERS TN 5-HT #HRRiIc L 21
EAGHEE S OBESEZHSNMNILEDDOTHD. ZOWKICI DSBS T k4
APVALREHEBRERE S OBEROEMIANEL S Z ENH/FIND,

FBEE—RIX. CNSORRZFHML. KRERRBICBVITSHECMEEMREHHE
HEHENEL (B ORMNEZZITIZIORXKALREREF T >HOEHEL .,
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