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Neural Circuit and Mechanism of Fear Conditioning

Kwang-Yeon Choi, MD
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Technology (KAIST), Daejeon, Korea

Pavlovian fear conditioning has been extensively studied for the understanding of neurobiological basis of memory and emotion. Pav-
lovian fear conditioning is an associative memory which forms when conditioned stimulus (CS) is paired with unconditioned stimu-
lus (US) once or repeatedly. This behavioral model is also important for the understanding of anxiety disorders such as posttraumatic
stress disorder. Here we describe the neural circuitry involved in fear conditioning and the molecular mechanisms underlying fear
memory formation. During consolidation some memories fade out but other memories become stable and concrete. Emotion plays an
important role in determining which memories will survive. Memory becomes unstable and editable again immediately after retriev-
al. It opens the possibility for us of modulating the established fear memory. It provides us with very efficient tools to improve the effi-
cacy of cognitive-behavior therapy and other exposure-based therapy treating anxiety disorders.
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t} IFoA AT AEY A Aofl(posttraumatic stress
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2 AXNE siFH & Afold Aks ShEohe] 24 Hhg
(conditioned response)2 YUE = AL Woln o]=
1927L% Pavlov7} #1202 AQMAc” 33 273} sh5-&

= AoME A 24 W3S sl e A FE Y 4
OU——’ 719 Ao W2l Q7| wiitol ehEa 7|oks At
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2] JH= AV (thalamus) ] WHS 9] shte] WS &4
MH(medial geniculate nucleus) O & A} o]F 4w
ARE 27 =3 (lateral nucleus of amygdala, lateral
amygdala, ©|3} LA)S &2 7}= AJA} A& (thalamic path-
way)2} A7ZF 12S A LAZ 7F= 92 ZH=Z(cortical
pathway)®2 Uty 121 & 25 AX HH= LA Y
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] IR} Il e 4= o= FE7F Hck vl &)
uhH(CA13} subiculum)= HEA|2] Ba} ABe|| AAZ=o] <)
I LAF= A9 dAEo] QIA| gl 1A LAS &4
e W= wiE 32 203} gl FFS A YA B
U ABE &/4A1719
o} Be} ABE 4] FE 2718} sh5olAe} nir A =
CEZ 2= 24 §vh-& doxItk(Fig. 1).

o
ok
S|
N
)
i)
Lo
)3
2
o3
=
N
fo

B 71900 BB YAUZ

19644 Terje Lomo+ E7|9 sfjufoflA] long—term
potentiation(o]3} LTP)& WAL} 0% eAol A o
LAl &= LTP7F e 532 2013} a3 AR wf LA
oA CS7t S0 2= Ald2ollA LTP7} dojdthe Apao]
SreAh” LTPE Agz o2 AYA 7kaKe feshe W
WOz 7|u} sh5O| Al oA o] HE R Wol AREE]
AL Qlek A2 (presynapse)oll A #HIE glutamates Al

25 (postsynapse)?] AMPA 4-84|(o—amino—3—hy-
droxy—5—methyl—4—isoxazolepropionic acid receptor)
of o Na'& AlZ W& E850°]il g (depolar-

ization)A|7It} EHE=tof 9J5]] N—Methyl-D—aspartic acid

(©]3F NMDA) =845 S2/d3tA71aL | Mg'o| &t
=" NMDA =847} dejA| Hr}, olnf Ca*o] NMDA
FEAIE SolA Al YR FYET E3E A=2] FEfol] w)
2} 743t A=) g2 T —type voltage gated calcium
channel(®]3} L-VGCC)& EdiH %= Ca™] AlE Y o]F
& ZAF Ca”' e HZ U AlE A A LS FA3)
A7 H=4Y Ca*/Calmodulin—activated kinase II
(o]3} CaMKII), mitogen—activated protein kinase(®]
3} MAPK), cAMP—dependent kinase, protein kinase
C (0]3} PKC), cAMP response element binding protein
(©I5} CREB) 59| &< FaliA =842 245 24st
I AMPA 4=8A19F 22 Q=3 ThiiE o] & X147
Al Ht, o] Fal o]F9 Aol sl AlHA9] Aledg
o] 27157 &4l o|& LTPeta R Eth(Fig, 2).”
LTP:= thA] A& A|7to]| webA] early phase long—term
potentiation(¢]3} E-LTP)2} late phase long—term
potentiation(¢]d} L-LTP)2. 2 H ==} 3t He| uHlw
(high frequency) #7122 4= £7F A&== E-LTP
£ st} E-LTP+= RNA $dolu ©held g4 glo] 7]
29| TS W (modification)Al7]= WAl 0 & o]F7]

o}, SRATE ofg] W aRlE A7A=-E A EH 4= 2ollA
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Fig. 1. Schematic diagram of neural circuits involved in fear conditioning. In the case of auditory fear conditioning, MGN receives CS
from auditory sensory system. Then CS arrives at LA directly or indirectly via the auditory cortex. Thalamic area that receives US from
the spino-thalamic tract projects to LA. LA is the place where CS-US convergence occurs. Thereafter LA projects to CE which outputs
the conditioned response. LA also projects to CE by way of B and AB which receive the contextual information from the hippocam-
pus. Inhibitory ITC cell mass (not shown) interposed between the BLA and CE. ITC cell mass can modulate the output to CE like an
on-off switch. CE projects to BNST, LH and PAG. Contextual fear conditioning differs from auditory fear conditioning in the CS path-
way. Contextual information (CS) comes from hippocampus to B and AB. then projects to CE. AB : accessory basal nucleus, ANS :
autonomic nervous system, B : basal nucleus, BNST : bed nucleus of the stria terminalis, CS : conditioned stimulus, DG : dentate gy-
rus, HPA : hypothalamus-pituitary-adrenal axis, LA : lateral nucleus of amygdala, LH : lateral hypothalamus, MGN : medial geniculate

nucleus, US : unconditioned stimulus.
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22 A7F A&EE L-LTPE $absith o]= A2 RNASH  AlA|(heterotetramer)o|tt” NR2= ThA| NR2A, NR2B,
o Ale] $AS Fa & sl E-LTPRF ge] AWl 22 NR2C, NR2DZ UE=d] o] 3 NR2A9 NR2B= Mg™'o]
Zol ¥igtS Sukgi) Y o] ZFaAl A7} =o] H$je] ®iztol| o wizhsiA WSt

E-LTPE fEsl=d 583 24 NMDA 4284,  th™ NR2BE polyamineo] £& &7} 9t o] &
metabotropic glutamate receptor 5©]3F mGluR5), CaM- 3] NMDA 4=84]9] 7152 243} 2= 9Jrt? LAo|A] NMDA
KIIolt}, o] 5 NMDA 48415 WA w27ty NMDA 4= =840l polyamine©] ¥+ Z& JAHH 322 2713} 8t
$A4l= NR1¥F NR29] o|3FA(dimen)7} OIFFAIE o2 o1F 50| A7) = w2 S4sha)7|d 2 2743} sh5o|

Glycine
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C02+
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——) Activation
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Fig. 2. Molecular mechanism underlying long-term potentiation. Glutamate secreted from presynaptic neurons binds to AMPA receptors
then depolarizes postsynaptic neurons. Depolarization expels Mg® from NMDA receptors. Depolarization allows glutamate to bind to
NMDA receptors. NMDA receptor allows calcium ion to flow into the cell. Calcium activates PKA and CaMKII, Meanwhile glutamate
binds to mGIuR5 and activates PKC. PKC and CaMKII phosphorylate NR2B and AMPA receptors respectively. It enhances the activity
of NMDA and AMPA receptors. CaMKIIl autophosphorylates itself upon the signal. It functions as cellular memory which persists even
after concentration of calcium decrease. Several signaling pathways converge at MAPK pathway. It promotes protein synthesis includ-
ing AMPA receptors. Newly synthesized AMPA receptors incorporate into the cell membrane. It facilitates synaptic transmission to sub-
sequent stimulus. CaMKII : Ca®*/Calmodulin-activated kinase I, CRE : cAMP-response element, CREB : cAMP response element
binding protein, DAG : diacylglycerol, IPs : triphosphate, ER : endoplasmic reticulum, L-VGCC : L-type voltage gated calcium channel,
MAPK : mitogen-activated protein kinase, PKA : protein kinase A, PKC : protein kinase C, RPase : RNA polymerase.
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mGluRE G ZASH=84|(G—protein coupled recep-
tor) 2 mGluR5+= NMDA 4842} A thM 2l (scaffolding
protein)ol] oJs AZo] Eof glom & v} A2 DS F
72 4= Jek? mGluRsE Ga/113F AZE o] gled] o]
X phospholipase C(°]d} PLC)9] A3t
phatidylinositol diphosphateE inositol triphosphate
(03} 1P2)9} diacylglycerol(]d} DAG)= WH=T} [Ps=
23| (Endoplasmic reticulum)e]] R#Eo] el Ca™ &
AEA Y& o]5A17|9 Ca® 2t DAGE PKCE 4317
Al ¥}, PKC+= NMDA =849 NR2BE ¢4k phos-
phorylation)A|# A NMDA 4842 Ax=AS S7A7Ict
(Fig. 2.7

NMDA =841 L-VGCCol| 2J3)) AlZ W2 {21 Ca™

L CaMKIIE ZAFAIICE? CaMKITE AL ¢4k}
(autophosphorylatlon)/\] Z1AY AMPA =8A1E QAKSHA
AX ©7] 7190) 71945 e} % AMPA 4=841¢] GluR1
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bia), PTSD 59| X|&¢] thHE0 2 Fi= okEX| R} 3 &
o] #o|a1 Q) A EZR| 7R ZAFe] Tl (remission)

£ AESHA| Eol= SAE0] Btk o] A aAE SXA
= o] St =E=X59] Agadts =Y 4 3
=4

D—cycloserine> NMDA 484 H& adA|(partial
agonist)® NMDA ~84|9] glycine 01*‘—FH(recogmtlon
site)ol] &0l F819] glycine FE7} %S Alofli= NMDA =
BA|9] 282 ALY SRR glycine FE7F S Al
o= NMDA =849 282 P& olgjdt E4o s
o1&l D—cylcoserine2 NMDA #&5A9} 2] TEE=A
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2259 27} & (augmentation treatment)® &I}t
7} Qefar vhgiek™

PTSD A& tjAko & D—cycloserine®| =72 &
T2 THIIEAE Yobie AL X1 Folt}, whehA
o}& D—cycloserine®] PTSD X|&ef st a3}= Ws}r|
5™ 3Rk 20029 Heresco—levy 50| a3t oy
Ao A= PTSD 3o A D—cycloserine©] 917 ZAF
< MR Bk g5 2E 7S vy
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