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ABSTRACT

The high level of blood cortisol is the key factor to identify major depressive disorder
(MDD) which is mediated with the abnormal modulation of brain-derived neurotrophic
factor (BNDF) in mammalian brains. However, it is not well known if and how the elevation
of cortisol level during prenatal period affects brain functions and induces psychiatric
disorders such as MDD after birth. For this issue, we constantly elevated the cortisol level of
prenatal rats by injecting corticosterone (20 mg/kg) to maternal rats every day for 21
consecutive pregnant days until delivery. This procedure critically elevated cortisol level in
both maternal and postnatal pups. After delivery, pups were bred with their mother rat and
isolated from their mother in postnatal 21* day for behavioral tests. Behavioral tests to
observe cortisol effects in brain functions were performed by hiring a forced swim test (FST),
Morris water maze test (MWT) and open field moving test (OFT). Pups delivered from
corticosterone-injected maternal rats (Corti.Pup) showed significantly different behavioral
patterns, compared with normal pups (Normal, saline-injected). In FST performed for 5 min,
immobility time of Corti.Pup was critically shorter than that of Normal, showing anxiety-
mediated hyperactivity. In addition, Corti.Pup were confirmed to have the critical
impairment of learning and memory functions in MWT as they needed longer time to figure
out where a hidden platform located. These behavioral patterns of Corti.Pup seemed to be
correlated with those showing in attention deficit hyperactivity disorder (ADHD) patients. To
clarify the impairment of memory function, | also tried electrophysiological experiments to
observe neuronal characteristics and memory functions in a cellular level. Using
hippocampal slices (p14~18), patch-clamp recordings for observing the long-term

potentiation (LTP) patterns and membrane excitability in CA1 neurons were performed. In



results, Corti.pup showed higher excitable properties of CA1 membranes and incomplete
potentiation in LTP pattern. Therefore, it is possible that cortisol may affect learning and
memory functions in developmental brains and consequently behaviors are revealed as the

abnormal patterns similar with ADHD.

Key words : Major depressive disorder, ADHD, Cortisol, Long-term potentiation,

Learning and Memory, Cognitive behavior
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2.1. Experimental animals

M z=C =t

El
1o
Lo
A
Ho
=
Lo
o
ofn
Mo
>
nx
=2
>
>
Ho
Ot
wn
°

QD

«Q

[

P

Y
2
[¢2]
<
»
">
=
w

1]

ZHX D AYE TIMRUCH AMSEO| A2 25 + 3°Co| 2&2F 50 + 10%9|

g7b ZZERUCE B7] =E A2 12A HHe=z UM AXEF

mx

eI, Holet 22 AEA2E FOMLE ST AoMe] & HT|=

+
N

oF Or2|et &z oF Ot o AOIX| 2o S0{7} O|FO0M e, 7|Zt2 12

—

oz THERACE. 2ZE = 2 Y2 M=0O

B

tn dEs=sE

40
rio
ot

o3l &l RALE.

O -

2.2. Drug treatment

A3t Corticosterone2 SIGMA(Sigma, St. Louis, MO, USA)O|A FRSISILE.
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HEREEH YUt 219Se HlotE FAERIL. s ZEA0

[[t2} Corticosterone TE= Normal salineO| 20 mg/kge| L%O = FAFE|RUCH FALE



M2 Normal saline(0.9 % Nacl)0f| Corticosterone(10 mg/ml)2} 0.1 % tween 80=

-

5.2 A7 BHSO{H CHFigure 1).

2.3. Forced Swim Test(FST)

FST= 2XFe s=RE0M 2= ds Ld= 2os| 2 718 &

Mol WHo|Ch A3 S20| WHLIS 4 g 37|kl 60cm, XIS 40 cm)

o £ A¥ +ZE ABYCL X0 HYN 2 2EL 24-25C=
PHEYD, X YR rats Q0| X Y AZiCH A2 B SASO
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2 =
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2.4. Open Field Test (OFT)
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2.5. Tissue preparation for patch-clamping

Acute hippocampal slices= 2HE X 7|9|(postnatal 14-18 days) SD ratS O|&3}0

X 2HSHSCE A2 0~4 °CO| acute cutting solutionO] AHR &l AEHO|A 350 pm2|

L2 ZH|E|QCt Cutting solution®] =HLE Ct21aF ZCHinmM) : 125 NaCl, 2.5

KCI, 25 NaHCOs, 1.25 NaH,PO,, 25 glucose, 0.5 CaCl,, 5 MgCl, (pH 7.25). | X&lZ

At27| M acute cutting solution2 202 ZQF 95% 0,2 5% CO, gasz bubbling



AlZICt. Bubbling2 recordingg Zatst RE AMAA|ZE SO0 QXL ALCE EZEO|
ZH|Z|™ artificial cerebrospinal fluid(ACSF) solution® 2 7|11 37°COA 2020t

incubationA|ZICt. ACSF solution2 Of2fe| M20| ZESHL|O{ JUCHinmM) : 125 NaCl,

2.5 KCI, 25 NaHCO;, 1.25 NaH,PO,, 25 glucose, 2 CaCl,, 1 MgCl, (pH 7.4).

Electrophysiological recordingS 2|3t &2 FH|= A 20N FIME| QUCE

—

2.6. Electrophysiology

Whole cell patch clamp recording0| A] acute hippocampal slice= ACSF solution(bubbled
with 95 % 0,, 5 % C0,)0| SEEX & {X|L|&= recording chamber2 F7HA AHS

TlggiCE X=Z2 BX50 microscopy(Olympus, Japan)2| 40 X water-immersed

Patch electrode= PP-830(Narishige, Tokyo, Japan)S At£3dl 2t=QULC}. Electrode= 4-6
MQQO| Bl MatE Zzt1 o LHEY| internal solutionS XH-2CF. Internal solutionQ]
XEE ChE1F ZCHinmM) : 20 KCI, 125 K-gluconate, 10 HEPES, 4 NaCl, 0.5 EGTA, 4
ATP, 0.3 TrisGTP, 10 Phosphocreatin(pH 7.2). 2% 2| hippocampal CA1 neuron S &4

=82 HEKA patch system(EPC9)O| A current @17}0f [FE membrane potential 2|

HotZ2 7| & E| A Ch(current-clamping mode). Ramp current(250 pA/sec)= action
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potentials(APs)2| thresholdE =7H3}7| L8l CI7I8IQULCE HMZE SEMHO M

am
rlo

=XHOZ current pulseE Ql7}8H= A|7|0f 2} LFEFLFCH-200 pA ~ 250 pA with

50 pA step, width 800 ms, Supplemental figure %&tZ). Long-term potentiation(LTP)= &

5 SYUSHAH M=ES MYLS 65 mVE LOH™SH T excitatory postsynaptic

current(EPSC)E =7df 7|E3UCt. EPSC= A= # 1027t control EPSC2t LTP

SEE 23t low frequency(0 mV holding, 4 Hz, 1 min) X228 = ¥ 30&7t

7| ZE| ULt

2.7. Analysis

Open Field Test2| &442 idTracker(ver4.97)2 HA2E FXS| EMEQUCH HEl=
arenaE 42T E Ly IHEE o gitE 42 Hotch Foldelsr dE2

Pulse(HEKA, German)dt IGOR Pro(Wavemetrics, Lake Oswego, USA)E A&}

EME|ACE EAAE L9o|d2 Excel software(Microsoft, USA) AtE3MCt S 9o|M

2 M2 Student's t-testS AU OO p-value < 0.05 or 0.01ELCt 25 OIf £§2|M0|
UCHL EHERHCE
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Figure 1. The Experimental Scheme
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Al Ao MM A corticosterone FTALS T2 Of0|F Q| @5 IE|E £X|7}
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B. Immobility Time

100 g------mmmmmm

80 -
i=
L% 60 ------------------ / _{ ___T _____
? =0~ Normal
< | /6 « =@ Corti.Pup
.qé 40 lr7 |\
= 20 SR

[ I, / ______________ —p---f---
o o
0

1st 2nd 3rd 4th 5th
Trial Day

Figure 2. Different behavioral patterns in Forced Swimming Test

FST dedZ21F ZoF(Normal)off B[S Corti.Pupl| 2XHZ ASLHO0| =0 =A
LIEFSICE A, FSTO| LCHEZEQ HWSAAME HOFE= ARl B, Normal
pup(n=10)0i| A= Br=ZXQl ZH =& dg0| = St Immobility timeO|
ZIFAX| 8t Corti.Pup(n=8)2 AlHO0| XIH=EZ Immobility?} E0{=RULCt

OOl = ‘B +S.E’E HA|E|QICH*:P<0.05 **:P<0.01
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O| s 2|(Figure 3B)2 L}& A7 2| CHH| center zonedf| U= DEE %= A Lot

Jd2ff=o|Ct. FEAMZANt Corti.Pup| center field index?} HA F 1E0| H|dH

FoloHAl AO|7F L= As =Helith. &0l 58 3¢ XK me Y F

T2 8% Hole s¢E ot Fo0jet SXHYS oStA| HRUACH 10| B

CotiPup 1ES AE0| FME0| W2} centerS SOICILIE HIEZ} SOjLtT

ALSHA EMste= BgE ERALE O|[A2 CortiPup 150 MZ2 40

Chot =orett #X3ds =2olttn TEEICH ot HA 0|57 2| h(Figure 3B)

SQAFSEA  LtEfLt=  center field indexZ(Figure 4) HEOf Corti.Pup 1 0] A
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B. Open Field Total Distance

w
o
]
i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
|
w
o
]
i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Distance (m%Smln
\
\
@ |
@

=0- Normal
10 .___________\_U___ 10 +-+--- _______;é. —0- Corti.Pup
0 0
First2D Last2D 1st 2nd 3rd 4th 5th
C. Open Field Center Distance
6 — o mmmmmmmm e m 6 e
c sk
e
§4 i Hk /e
é + —O— Normal
3 c =@~ Corti.Pup
R ---#M -------
D \
o O
0 0
First2D Last2D 1st 2nd 3rd 4th 5th

Figure 3. Different behavioral patterns in OFT between Normal and Corti. Pups
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Figure 4. Different behavioral patterns of Open Field Center Index between Normal
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3.2. 4%7| 2F hippocampal CAl neuron2| H7|AMg|std E/M Hl

M7\ Me|st A7 & Whole cell patch clamp 7|® S AtEdH M7|AM2|

1%
1

£d4& 7IFUL Mze| §d= Ao W2 flsi 2" HolH =Hol 7I=S

™ML 7|1&st MEZESS| A7|= E5 whole cell capacitance?l 9~12 pF O|{

71=0] ZEEX] @2 AS2 CO|H0| ZBHA|Z|X| BRUACHFigure 5A). Figure

5A= cell capacitance(pF)2t RMP2| A&atAE HOF&= Agj=O0|Cy. & &

-_

D5 H|=x=st =3 LJo| <QUCtH Figure 5B= Figure 5A2| RMPE k5ol

—_

J2ff=O|Ct. Corti.Prp OE2| RMPZ} k7t = X|3t FO|5HK| = QLY.
Igor pro2| Threshold ramp test2 7|2t [|O|E{O|CH(Figure 6). Bt MRS A A{D|
S7tA|74 APQ| thresholdE Y OFLHCH(Figure 6A). 1ZI0|A EO|= wave A|AH2

RMPO|H & &7t XtO|= QiCk(Figure 6A). Figure 71t 82 Igor proQ| current-

clamping@ & 7|3t [|O|E{O|Ct. Sample waves= Z2FZ2tO| M| ZEEHR|0| Al 50 pA/sec

\J

4o 2 —250~250 pA7)tX| currentS XIHCHZ Q7S If & AE7F M=ZQ|

r

SE2M HEE HOFE= 12 0|Ct Figure 7AE 0pA7Zt QI7IE|IRE OOl RMP
MENE 7|Z22 Q| Z SuprathresholdE H0jF= Z12I0|C}. Suprathreshold0f A

APQ| firing rateE H|mwd| HULCL T 1F9O| Firing rate Zf2 72| H|=TIA

L}EFSHCHFigure 7B). Figure 8A= 0pA7Z} QI7}E|QS MOl RMP AE|E 7|Z0 2
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Of2ff Z QI SubthresholdE = 0{F== 12! 0|LCt. Subthresholdd| A= input resistance2t

voltage sagl| 42 FelH F 0 A ACHFigure 8B). Input

resistance= A =20 U= EHEHEOl Lo oish &

T

%oz REME) %o
42 9 ool Yol

HCt Voltage sag2 FREZ|= current Xt=0f [IHE

MzZol 88 B8RS EOELh V(EEY) el 37|17t

Z4+E hyperpolarizing-

activated cation(l;,) channel?| 0| ZUCH= Z42 <o|0O|BtC} I}, channel O] 2|

ESS YHOHR MZ7F XA=0 CHol HE[= =7t S7tettt.

23



Cell capacitance & RMP correlation
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Figure 5. Comparison of RMP of CAL neurons between Normal and Corti.Pups
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Sample waves observed in current-clamping
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33.LTP Xt0|of M2 MIEEHS 7|2 7|52 ofs)
Whole cell path clampingE 3 & Z1&2| LTP(Long-term potentiation)S H| w3 C}.
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2ot ZAE|ACHFigure 9B). Figure 9BO|AM A= £ 302 &2 + 1&7H9

AX7E HE HR= A &g = U
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gl & 2ol AERA EE ERROls ENO| ZEIESS S7HAIF EfOLS

9 ZEO F8H IS 0T CHMateos et. al., 2018). A= ZE[ZO0| EfOHO||A|

HEE= A2 AL 2XF7e 2/ S=0AME 2 RUEt (Slopena et. al.,

g 3 S=2A0AM 2HMel ZEE X7t SOl mEt Ao A

MYECH Jhyolol M¥S NWHS U, SN UYAN REF0| REE
PUpBHOIA THABSYLO| FSHXA LEHICL Ol S2o| #S A

st 2X39| ez LEtH Atz TCHEICH Ol2{gt ZAut= FSTOM =2
Immobility time 1} OFTO| Al center HEE9| HE|Z2 SIEHA |QUCt Fo|zH AL

1Y 50l (Attention deficit hyperactivity disorder, ADHD)= F& Otz 7|0 &

=
o

LIEEIHH HE[Hez AEH0| BOXL 221 2¢as =7l S8 72

am

QUCH(Schuck et. al., 2018). FST(Figure 2B)2t OFT 4!lad Zf(Figure 31} 4), Corti.Pup
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OF7|stCt= LHEO| EtS M CHMulraney et. al., 2018). [t2tA] ADHDS| &KX &

FRot Xt Atolof XA ZHEO| /S & + ULt

sfiore| x| BHES 0|8t M7|dalst 2o S228 + A8 MEM=E

=d0les EEH X0l= QURULE €2 A7 A= MESOIM B[

bl
mjo

[, AP threshold= & X}O|7} QUQACE RMPL| ZL+&= Cortipup0| A7t =

rlo

Aez =ZHolERett SAHC fold2 LIEHLHA] BERACH M2k, MZS

2482 Z8A = Na'channelO|L} K*channelE2| 7 % 7|12 £92

Al

X|

U o= O|MECE 0243 SHL subthreshold B SEMUME LIEHEHE

voltage sage O|23t0] ZHEMO=Z oIgt 1,477 £ 120|M K07} LIX|

URUCE £3| membrane resistanceOf] TS XtO|7F QiCh= A2 M=ZTH0| ZE
Ol2s2=2l &% 8 7|=0| AA Xto|7t gla2 2|D[otCt.

Nzl Z2de Hust HdEoMe |Felst Xo|7h giient, 7|9 g
stg7/ls2 M7|deldtdez H@obsts LTP HYEoMe= & 80| woltt

XHO|E ERACt sforoAel LTP Foli= =snt 7[Y7|Hel Fgolatn o

1

Ack. A2 0|2 wom FMIM2SE JlWe 0|88 Alzheimer s

disease(AD)Of|A| copine 60|2t= =

njo
Ofm
els

LTPZ7tE = QIgiCH(Hadipour et. al.,

2018). B2 ste& 7t 7|Y HOHE #d= FOANM LTPE ZEe 21 LTPY}
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Zr A S CH(Chen et. al., 2018).

Al
=
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1240 HAE 120 A9 HANQ LTP %AS HOl HHH, Cortipup

O

OES| AZ LTP7}F MAS| ABLE FMS HQRLCE Ol synaptic plasticityS

0

ot
-

gote

\J

|2&0 Mo

Mol MAY-2AT #2450 =HM7F AZ= 2l0|etCi(Figure
10). 2 AHO|A{= N-methyl-D-aspartic acid (NMDA)-dependent LTP induction gtAlS

ALESIR 7| 20|, LTPY| A7t M7ICts A2 MYHOl glutamate systemO|

ZHE ofOjStot. k| 7ISOM LTPZ AL Zhadgof| O|2H ot= oy HEel

NMDA receptor(NMDAR)= &F MZAHAQ| 7| 2HOl glutamate =&%X| T dSILI=Z
2t &2 £ QCH(Hui Wang et. al., 2016). NMDARE A L|0|A 7| LT 2

1%
>
o

ZH™ESICt LTPRF LTDE LCHYFst X FYoS| NMDA 8K 2|

ZHEE|CHKono et. al.,, 2018). NMDAR-mediated LTP= stg 4 7|90f 2= F=Q

A|HA ThAHO|CHZhou et. al., 2018). [}2tA{ Corti.pupl| LTP AEHE 7| A MO
M7t A2 = USS 20[5tn, AL gt 7tad0| FHHO|X| ¢S =+

TestO | &F FD CortiPupl| st sS3Ho= o F&tg OX=X|

UOIEULCE I Ay, stE5 M-ZE H|}MES Of hidden platforms &= A|ZH0]
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