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Memories aren’t made of this: amnesia at the movies
Sallie Baxendale

Most amnesic conditions in films bear little relation to reality. Since movies both inform and reflect
public opinion, doctors should be aware of the prevalent myths about amnesia. This could be
invaluable when informing patients and their relatives of a diagnosis of an amnesic condition and its
likely prognosis

Although clinically rare, profound amnesia is a
common cinematic device. In 1915, film makers
spotted the dramatic potential of an amnesic
syndrome, and it has continued to provide the vehicle
for both tragedy and comedy. This review examines the
frequent misconceptions and occasionally strikingly
accurate portrayals of amnesic syndromes with
reference to the scientific and medical case literature.

Early cinema
Hollywood’s recent offerings, The Eternal Sunshine of the
Spotless Mind (2004) and 50 First Dates (2004), head up a
long tradition of movies featuring amnesic characters.
No fewer than 10 silent movies (before 1926) do so. In

one of the earliest, Garden of Lies (1915), predictable
complications ensue when a doctor hires a new husband
for an amnesic bride in an attempt to jog her memory.
This film was an early trendsetter, and nuptials have pre-
cipitated amnesia in later films (Samaya, 1975; Kisses for
Breakfast, 1941). In 1915 The Right of Way was one of the
first films to depict amnesia as the result of an assault,
and the trigger for starting life afresh. These themes are
seen again in The Victory of Conscience (1916) and have
been consistently used throughout the decades to mod-
ern times (see Amateur,1994).

Amnesic syndromes
In the real world, most profound amnesic syndromes
have a clear neurological or psychiatric basis. True dis-
sociative amnesia or fugue states are rare, but people
with such conditions are able to learn new information
and perform everyday tasks in the context of a
profound retrograde amnesia triggered by a traumatic
event. The most commonly agreed features of organic
amnesic syndromes include normal intelligence and
attention span, with severe and permanent difficulties
in taking in new information. Personality and identity
are unaffected. These distinctions, which in a medical
setting are critical in terms of prognosis and treatment,
are often blurred at the movies.

The most profound amnesic syndromes usually
develop as a result of neurosurgery, brain infection, or
a stroke. These factors are overlooked at the movies in
favour of the much more dramatic head injury. Road
traffic crashes and assault are the most common causes

50 First Dates maintains a venerable movie tradition of portraying an amnesiac syndrome that
bears no relation to any known neurological or psychiatric condition
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Details of the films mentioned in this article are listed on
bmj.com
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‘기억’이란무엇인가?

기 억 연 구 자 들 한 테 물 어 보 았 다 .

① 기억이란 ______이다.
왜냐하면 __________.

② 기억 연구자로서 흥미롭고 중요한 주제 또는 물음을 꼽
는다면, 그것은 ______ 이다.

한겨례사이언스온



‘기억’이란무엇인가?
‘나’의 과거이자 미래이다.
[ 강 봉 균 서 울 대 생 명 과 학 부 교 수 ]

① 왜냐면, 기억이 없다면 나에게 어제란 없을 것이며
아울러 내일을 계획할 수 없기에 미래도 역시 존재하지
않을 것이다. 기억이 없는 나는 항상 현재에 머물러 있
게 된다. 실제로 해마를 포함한 내측두엽 손상 환자는
서술기억을 만들지 못해 항상 현재 시간에 머물러 있는
듯한 행동을 보인다.

② 흥미로운 주제를 꼽는다면, 단순한 하나의 사실이나
장면이 아니라 시간속에 진행되는 스토리나 멜로디 같
은 정보가 어떻게 저장되고 회상되는지 알아내는 것이
흥미로운 다음 주제가 될 것이다.



‘기억’이란무엇인가?
인간이 주변 환경을 겪으면서
뇌에 생기는 생채기와 같다.

[박형주 대구경북과학기술원, 한국뇌연구원 겸무교수]

① 왜냐면, 기억이 형성되고 변형되고 사라지는 것은, 울
창한 숲을 맨몸으로 걸어갈 때 생기는 상처들, 그리고 그
상처가 감염이나 치유에 의해 번지거나 아물어 흉터로 남
는 현상과 비슷하기 때문이다. 거의 모든 기억은 환경을
겪고 이를 그대로 저장하거나, 경험한 외부 환경 정보를
바탕으로 새로운 사고를 하거나 기존 기억을 변형한다. 몸
상처와 다른 점은, 뇌에 생긴 경험의 상처(기억)는 능동적
으로 새로운 상처(기억)와 기능을 만들 수 있다는 것이다.

② 흥미로운 물음을 꼽는다면, 그것은 뇌에 존재하는 비신
경세포와 신경-혈관단위체가 기억 형성과 유지에 어떻게
관여하는가이다.

성상세포 (별세포)



‘기억’이란무엇인가?
시간의 강을 흐르는 ‘테세우스의 배’이다.

[한진희 카이스트 생명과학과 교수]

① 왜냐면, ‘테세우스의 배’는 실체에 대한 철학적 패러독
스로 알려져 있다. 예를 들어 배를 구성하는 부품이 낡아
하나씩 교체하다가 다 바뀌면 그건 과연 같은 배일까, 다
른 배일까? 기억도 비슷하다. 시간이 흐르면서 기억을 지
탱하는 생물학적 물질은 하나씩 교체되지만 우리는 우리
는 이를 다른 기억으로 인지하지는 않는다. 그 기억 자체
는 동일하겠지만 그것을 장식하는 색깔은 시간에 따라 조
금씩 변하는 게 아닐까.

② 흥미로운 물음을 꼽는다면, 그것은 어제의 기억과 오늘
의 기억은 과연 같은 기억일까, 하나의 기억에 대한 엔그
램은 몇 개가 존재할까, 기억도 이식이 가능할까 등이다.



‘기억’이란무엇인가?

바다에 흘러가는 빙산이다.
[김형 성균관대 글로벌바이오메디컬공학과 교수]

① 왜냐면, 빙산의 일각이란 말처럼 기억의 일부는 우리가
의식할 수 있지만 나머지는 의식할 수 없다. 오랜 동안 독
특한 모양으로 만들어진 빙산은 개인이 지닌 독특한 의식
적, 무의식적 기억이다. 각 빙산이 독특한 모양으로 서로
다르게 흘러가듯이 개인의 독특한 기억형상은 삶의 바다
에서 각자 행동을 서로 다른 방향으로 흘러가게 하는 원동
력이다. 때로는 충돌을 만들지만 때로는 건설적인 진화의
힘이다.

② 흥미로운 주제를 꼽는다면, 그것은 무의식적인 기억과
의식적인 기억의 형성과 상호작용이다.



‘기억’이란무엇인가?
생물의경험을저장한정보

생물이정보를얻고,저장하고,유지하여필요에따라회상하는기능을의미



‘기억’은왜필요한가?
생물의경험을저장한정보

생물이정보를얻고,저장하고,유지하여필요에따라회상하는기능을의미

기억이없이하루하루가새롭다고생각해봅시다.



‘기억’은왜필요한가?
생물의경험을저장한정보

생물이정보를얻고,저장하고,유지하여필요에따라회상하는기능을의미

기억이없는삶은생각할수없다.

우리의아이덴티티

외부의물체,사람,세상전체



‘기억’은어떻게작동하는가?
생물의경험을저장한정보

생물이 (1)정보를얻고, (2)저장하고, (3)유지하여필요에따라 (4)회상하는기능을의미

연구의어려움

복합적인자극에대한뇌의정보처리

보통심리물리학에서다루는자극과달리실체가모호함

단순화작업이필요
(환원론적관점)



오늘수업시간에살펴볼 ‘기억’
• 뇌와기억연구의역사

• 뇌손상환자

• 뇌수술

• 동물연구들

• 뇌영역과기억

• 신경세포와기억

• 신경분자생물학과기억

• 미래?



뇌과학의발전

의학

심리학 생물학

신경
과학

인지신경
생물학

인지과학 신경생물학



철학에서부터…



처음으로학습과기억에대한
기전을설명했던사람은?





플라톤과아리스토텔리스
(BC 427)

이그림에서누가누굴까요?

아테네학당그림중에서

아리스토텔리스
Associationism

Contiguity – time and space
Frequency – 고전적조건학습
Similarity – 일반화

Empiricism

플라톤
Nativism
사람들은태어날때부터
다른스킬,능력,재능이있다.

자연 vs. 양육?



신학,철학에서심리학으로



르네데카르트 -이원론

물질과정신은전혀다른이질의것

데카르트의반사반응

자극 =>눈 =>물질의이동 =>근육수축 =>손움직임육체,정신?

Nativism

1596-1650



William James
Associationism
(1842-1910)

Empiricism



실험심리학의시작

실험군과대조군개념

Francis Galton
Variability of Nature
(1822-1911)

정규분포 골상학



Hermann Ebbinghaus
Human memory experiments
(1850-1909)

Concept of time saving
Forgetting

Stimuli like ‘BAP, KEP and DAK’

가난한과학자의표본?
자기혼자서연구… 수학공식으로기억형성을설명할수있을것이다 (인지과학)



생물학이심리학에끼어들다



Charles Darwin
Evolution and Natural selection
(1850-1909)

갈톤의사촌다윈!

공통조상을가지고있다

동물을연구하면,
인간을이해할수있다!



Ivan Petrovich Pavlov
A real neurophysiology & psychologist
(1849-1936)

고전적조건학습 (Classical conditioning)
무엇이학습과기억의지표인가?

침과소화액의양을정량화
기존의행동적인것을넘어선지표



Edward Thorndike
(1874-1949) Law of effect:

윌리엄제임스의제자인 Operant conditioning
(행동조건화)

행동은그결과에따라학습,기억되어변한다.

다윈의적자생존이론과비슷
좋으면행동이남고,나쁘면없앤다.



John Watson
Behaviorism
(1878-1958)

자극과그에대한반응만을연구하며,
모든반응은학습된것이다. 장님,귀머거리,수염뽑기…



두가지소설
Walden Two (1948)
Freedom and Dignity (1971) –자유의지나의식은환상이다. => “Radical Behaviorism”

B.F Skinner
Radical Behaviorism
(1904-1990)

Skinner box 
(operant conditioning box)



뇌를직접보기시작하다.

-의학적인접근-



고대의뇌수술

B.C. 4600 이집트

http://jomarchant.com/decodingtheheavens.com/blog/post/2010/08/11/Ancient-brain-surgery.html

파피루스문서

https://faculty.washington.edu/chudler/papy.html



고대의뇌수술

구리를끓인물

용광로의구리물과같다..



중세의학

Detail from The Extraction of the Stone of Madness, a 
painting by Hieronymus Bosch depicting trepanation

Trepan instrument



중세의학

“관장을하고피를뽑습니다.”

머리는성스러운곳.
두려움

자크 르 고프



히에로니무스보스 세속적인쾌락의동산



중세의학
돌팔이

바보

Falkenburg R (2011) The Land of Unlikeness: Hieronymus Bosch, The Garden of 
Earthly Delights, WBOOKS. ISBN 978 9 040 07767 8.



브로카영역
무슈탄 (탄아저씨) 이야기

(28 June 1824 – 9 July 1880) 말을하는데중요한영역



망가진뇌가
망가지지않은뇌를밝혀준다.

Causality study



근대화된뇌외과술의시작

현대적인뇌수술을정신병에도입함
19세기말스위스의정신과의사
“고틀리프부르크하르트”

1888년 51세악랄한여성의뇌를 18그램
제거후온순해짐
1889년까지환자다섯명을더수술함

6명중 5명사망, 1명은바보가됨.

40년간금지



정신병자들을위한
신경외과수술의시작
Walter Jackson Freeman II, M.D.
(November 14, 1895 – May 31, 1972) 내이름을아세요?

월터프리먼박사님이요.

왼쪽뇌를더자른다.

내이름을아세요?
월터….프리먼박사님?

오른쪽뇌사사분면을더자른다.

내이름을아세요?
몰라요.

이제만족스러운수술이되었다.



정신병자들을위한
신경외과수술의시작
William Beecher Scoville
(January 13, 1906 – February 25, 1984) 매우정교한뇌수술방법을개척

스코빌리트렉터



SCOVILLE의뇌수술 (뇌엽절제술)

환자가혼란에빠질
때까지,생각이흐릿
하고생각이썰물처럼
빠져나갈때까지계속
절제하라.



FREEMAN수술을단순화시키다.



정말로어려웠던
하지만,최초로성공했던수술

외할아버지는안와하부절제술을통해
전두엽을들어올리고그하부에있는
연결부를제거할때마다

그가표적으로삼은전두엽의신경로뿐
아니라
그밑에있는더깊은구조물들을한번
씩볼수있었다.

(해마를포함한측두엽)
-환자 HM에서-



Patient H.M.
Henry Molarison

Hippocampus & Parahippocampal gyrus
(Annese et al. 2014; Augustinack et al. 2014)

서술기억,통증,안면인식,감정에문제

작동기억과운동기억은정상
서술기억만문제.

환자 H.M.

순행성기억상실증
(Anterograde amnesia)



문제점

어떻게증상이완화되는지전혀모르고수술을진행함. (현재진행형)

항상환자를가지고연구를진행

정상뇌를이용한연구가절실함…

어떻게하나? – 2차세계대전…

이드

에고

슈퍼에고
전두엽

공포,불안

활성후억제



세계 2차대전과그이후

실험은성공,환자는사망

뇌른베르크강령
사람의동의를얻어야실험이가능

동물실험을우선시한다.

731부대독일수용소



다양한동물의뇌
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scientists don’t yet fully understand the relationship between brain size and 
functional capacity. Recent studies of intelligence in humans suggest that differ-
ences in the size of certain subregions in the frontal and parietal lobes do predict 
differences in performance on intelligence tests (Jung & Haier, 2007), indicat-
ing that it is not overall brain size that counts but how different brain parts are 
structured (Mercado, 2008).

Aside from differences in overall brain volume, different species have differ-
ent proportions of cerebral cortex. In humans, the cerebral cortex takes up a 
much larger percentage of total brain volume than it does in, say, frogs. Whereas 
the large human cortex has to be folded up to fit inside the human skull, the frog 
cortex can fit quite comfortably in its skull without wrinkling. The relative size 
of the human cortex is intriguing because the cerebral cortex is associated with 
functions such as language and complex thought—the very things that seem to 
distinguish humans from other animals. And in fact, other species with a rela-
tively large cortex—including chimpanzees, dolphins, and, yes, elephants—are 
often those that we associate with greater ability for abstract thought, problem 
solving, and other “higher” cognitive functions.

Only vertebrates have both a CNS and a PNS. Some invertebrates—the 
octopus and the bee, for example—have a recognizable brain, but these brains 
are organized very differently from vertebrate brains. Much of the octopus 
“brain” is distributed in various parts of its body, particularly inside its rubbery 
legs. Yet the octopus is a remarkably capable learner: it can learn to find its way 
through a maze and to open a jar to get at the food inside. It even shows signs 
of social learning, that is, learning from watching another octopus’s behavior. 

In one study, researchers trained some octopuses to grab the 
white ball when presented with a choice between a white 
and a red one. Other, untrained octopuses were then allowed 
to watch the trained octopuses make their selection. Later, 
when the observer octopuses were offered the two balls, 
they promptly grabbed the white one—just as they had seen 
the trained octopuses doing (Fiorito, Agnisola, d’Addio, 
Valanzano, & Calamandrei, 1998). Such social learning was 
once believed to be exclusive to “higher” animals, such as 
humans, dolphins, and chimpanzees. But we now know that 
an octopus, with a decentralized brain, can do it, too.

Other invertebrates, such as worms and jellyfish, have 
no recognizable brains at all. These animals have neurons 
that are remarkably similar to vertebrate neurons, but the 
neurons are few in number and are not organized into a 
centralized structure like a brain. For example, microscopic 
worms known as  nematodes (including the species that infects 

Figure 2.4 Comparative 
anatomy of the brains of sev-
eral vertebrate species All 
vertebrate brains have two hemi-
spheres and a recognizable cortex, 
cerebellum, and brainstem, but 
species differ in the relative vol-
umes of these areas. In mammals 
(such as the human) and birds, 
the cortex is much larger than the 
cerebellum; in fish and amphibians 
(such as the frog), the cortex and 
cerebellum are closer in size.

Cerebellum Cerebellum Cerebellum Cerebellum
Cortex Cortex Cortex

CortexCortex Cerebellum

Fish Frog Bird Human Elephant
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The octopus is an invertebrate, 
with a brain very different from 
that of mammals and other verte-
brates, yet the octopus is a sophis-
ticated learner.
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실제로는코끼리의뇌가사람의뇌보다큽니다.



다양한실험동물들을
사용하게되었습니다.

달팽이

쥐,생쥐
원숭이



Working memory

Long-term memory

Short-term memory

Non-declarative memory
(implicit)

Declarative memory
(Explicit)

Time dimensionExecution dimensionVersatility dimension

Flexible memory

Stable memory

Episodic memory Semantic memory Nonassociative learning:
Sensitization
& Habituation

Associative learning:
Classical 
& Operant conditioning

Procedural memory
Skill 
& Habit

Priming

Medial temporal lobe
Diencephalon

Amygdala Striatum
Neocortex

CerebellumReflex pathway

기억의종류



기억의실체를찾아서…
기억은어디에저장되는것인가?

1.뇌수준에서의기억

2.신경세포수준에서의기억



기억의실체를찾아서…
기억은어디에저장되는것인가?

1.뇌수준에서의기억

2.신경세포수준에서의기억



기억의실체를찾아서…
기억은어디에저장되는것인가?

1.뇌수준에서의기억

파킨슨 치매

Limbic systemBasal ganglia 
system



기억의실체를찾아서…
기억은어디에저장되는것인가?

1.뇌수준에서의기억

파킨슨 치매

Limbic systemBasal ganglia 
system

기저핵시스템 변연계시스템

암묵기억 서술기억



기억의실체를찾아서…
기억은어디에저장되는것인가?

1.뇌수준에서의기억

파킨슨

Basal ganglia 
system

기저핵시스템

기저핵안에서는모두
같은기억만저장되느냐?

아닙니다.
그안에서도서로다른부위에
다른기억들이저장됩니다.



머리에창을내었소…

신경세포의소리와모양을직접보다.

Correlation study



Visual
Cortex

Controlled
Behavior

Automatic
Behavior

CDt

Dopamine neurons

CDh

SNc(cl)SNc(rm)

SNr(c)SNr(r)

SC

Gaze orienting (Saccade)

GPe(r)

Association
Cortex

Visual
Cortex

GPe(c)

Basal ganglia circuits 
for parallel memory encoding

복잡한뇌회로의
기능을밝힌다.

Stable object value
memory

Caudal BG

Flexible object value
memory

Rostral BG

Adaptation
to changes

Efficient 
behavior

(Goal-directed behavior) (Skill/Habit behavior)



복잡한뇌회로의
기능을밝힌다.

앞 뒤

변화하는물체의정보를기억

고정되어있는물체의정보를기억

뇌의각영역과그영역안에서도각부위에따라서로다른기억이저장된다.

그렇다면신경세포는?



기억의실체를찾아서…
기억은어디에저장되는것인가?

1.뇌수준에서의기억

2.신경세포수준에서의기억



뇌세포와분자들을
샅샅이뒤지다.

“대강그러려니하고알고있는것과
정확한물질적실체를파악하고있는것은천지차이다.”

-김형-



어느동물이노벨상을받는데
사용되었을까요?

달팽이

쥐,생쥐
원숭이



어느동물이노벨상을받는데
사용되었을까요?

달팽이

쥐,생쥐
원숭이



Bliss and Lomo, 1973

Tim Bliss

Long-term potentiation
(LTP)



LadislavTauc (1926–1999) was born 
in Pardubice, Czechoslovakia. He was a French neuroscientist, 
and a pioneer in neuroethology and neuronal physiology, who 
immigrated to France in 1949 to work at the Institut Marey in 
Paris. Tauc was the founder and former director of the 
Laboratoire de Neurobiologie Cellulaire et Moléculaire of 
the French National Centre for Scientific Research (CNRS). 
He was one of the teachers of Eric R. Kandel.

Eric R. Kandel 강봉균교수 김형교수
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어떤행동을 볼까?
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(Kandel, Science, 1973)
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1. 기억은시냅스에서일어난다.
2. 단기기억형성에는
단기적인분자변화가유발된다.
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시냅스변화가유발된다.
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unclear, as does the biological nature of the labile state. 
Our recent study focused on these two questions (Lee 
and others 2008). First, we hypothesized that de novo 
protein synthesis is required to rebuild the original 
memory because preexisting proteins, which constitute 
the memory-encoding synapses, are degraded after 
memory retrieval. Our results showed that protein 
degradation is activated in the synaptic region after 
memory retrieval. The degradation of specific synaptic 
proteins such as Shank and guanylate kinase-associated 
protein (GKAP) increased, whereas the postsynaptic 
density protein PSD-95 was not degraded at all (Lee 
and others 2008). The endogenous levels of Shank 
decreased in accordance with its polyubiquitination 
and were lowest 2 h after memory retrieval, returning 
to the basal level by 6 h after retrieval (Fig. 2). This 
reduction in Shank appears to reflect the increased 
activity of proteasomes, because clasto-lactacystin-B-
lactone (B-lactone), a specific inhibitor of proteasomes, 
blocked the reduction of Shank after retrieval. This 
result suggests that synaptic destabilization followed by 
restabilization is triggered after the memory retrieval 
process and that postsynaptic protein degradation 
underlies the labile state after memory retrieval.

What is the physiological role of protein degradation 
induced by memory retrieval? To address this question, 
we blocked protein degradation after memory retrieval 
using a pharmacological method. When we infused 
B-lactone and anisomycin into the hippocampal CA1 
area, we found that the memory impairment caused by 
anisomycin infusion after memory retrieval was blocked 
by the infusion of B-lactone (Fig. 3) (Lee and others 
2008). This suggests that the ubiquitin/proteasome 
pathway is involved in forgetting a pre-existing fear 

memory. In contrast, B-lactone treatment alone did not 
affect memory persistence after retrieval. Collectively, 
these data support the idea that protein degradation 
after memory retrieval is critical for the destabilization 
of a pre-existing fear memory, rather than for the 
restabilization of the retrieved memory. Furthermore, 
B-lactone infusion immediately after training did not 
suppress the memory impairment caused by the 
anisomycin infusion, which is known to block the 
consolidation process (Fig. 4). This result also supports 
the idea that the increase in protein degradation after 
memory retrieval plays a major role in the destruction 
of the previously formed memory.

Recently, it was reported that NMDA receptor 
activation is required to destabilize a consolidated fear 
memory (Mamou and others 2006). Other reports have 
also shown that glutamatergic transmission activates the 
ubiquitin/proteasome system in cultured neurons (Ehlers 
2003; Bingol and Schuman 2006; Guo and Wang 2007). 
It has also been reported that L-type voltage-gated 
calcium channels (LVGCCs) or central cannabinoid 
(CB1) receptors are required for the initial destabilization 
of reactivated memory (Suzuki and others 2008). 
Therefore, the NMDA receptor, LVGCCs, or CB1 
receptors may be upstream molecules involved in 
ubiquitin/proteasome-dependent protein degradation 
and may trigger the destabilization of the retrieved 
memory. These propositions require further investigation.

Reorganization of Consolidated Memory 
by Synaptic Protein Degradation

What are the roles of the destruction and reconstruc-
tion processes after memory retrieval? Are these pro-
cesses futile? If not, what is their function? One 

Figure 1.  Multistage model of memory. New information is first 
processed and stored in sensory storage. It is conveyed to short-
term storage with the assistance of the attention process, particu-
larly for declarative or explicit information. This memory trace is 
converted into long-term memory through consolidation processes. 
Whenever some appropriate cues are given, the information is 
transferred to the short-term storage or working memory space, 
which interacts with the outside world. This process is called 
memory retrieval. Reconsolidation is required to maintain the 
memory after retrieval.

Figure 2.  Dynamics of endogenous Shank protein levels in the 
synaptic region following retrieval. At an early time point after 
memory retrieval, the degradation of pre-existing Shank protein 
increases and the endogenous Shank level decreases. Later, newly 
synthesized Shank protein increases, resulting in the restoration of 
total Shank to the basal level.

(Lee et al., 2009 Science;
Kaang, Lee & Kim, 2009 The Neuroscientist)
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어떤물질이처음기억을가지고있을까?

1. 처음기억에반응은하되
2. 행동으로는발현이되지않아야하며,
3. 또한,시냅스연결강화도바로시켜서는안되고,
4. 하지만,두번째비슷한경험을할때는바로시냅스연결강화를촉진해서장기기억을만들수있는
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새로운전사인자의발현!
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비슷한경험을반복하면,
처음경험에의한
전사인자의발현으로
시냅스연결이더강화되고,
기억이더잘된다!

previous reports showing that coincident pairing with
tetanus and 5-HT induces long-lasting facilitation (Eliot
et al., 1994; Sun and Schacher, 1998). In the previous
study, in order to mimic classical conditioning in Aplysia,
5-HT was applied to a cocultured Aplysia neuron 0.5 s
after the onset of tetanus (paired) or 3 min after the
end of tetanus (unpaired). Long-lasting facilitation is in-
duced only in paired neurons immediately or 24 hr after
pairing of the two stimuli. This facilitation is believed to
result from gene expression by calcium/calmodulin-
sensitive cyclase-mediated signaling, which is only acti-
vated by temporally coincident stimulation of tetanus
and 5-HT (Abrams et al., 1991).

However, in our experiments, depolarization itself in-
creases the ApC/EBP mRNA level through ApLLP ex-
pression, 15 min after high potassium treatment. There-
fore, the long-term increase in synaptic strength can be
produced by 5-HT treatment in presynaptic sensory
neurons that have high levels of ApC/EBP mRNA, and
this increase is mediated by the ApLLP induction. More-
over, because a noxious stimulus produces the ApLLP
and ApC/EBP mRNA induction (Figure 7A), our model
suggests that if sufficient neural stimulus is given to
the Aplysia neurons prior to 5-HT treatment for inducing
activity-dependent transcription and translation, it is
possible to induce a long-term increase in synaptic
strength and long-term memory in Aplysia. However,
because noxious stimulus could induce not only the de-
polarization of sensory neurons but also the secretion of
neuromodulators including 5-HT, nitric oxide, and hista-
mine in the abdominal ganglion of freely moving Aplysia,
it is possible that SNS-induced neuromodulators con-
tribute to the ApLLP induction (Jacklet et al., 2004).

Noxious Stimulus-Elicited ApLLP Induction Could
Facilitate Long-Term Memory Formation in
Siphon-Elicited Siphon Withdrawal Reflex of
Aplysia: Its Implication for a Learning Paradigm
in Aplysia and Mammalian Models
In this study, we showed that the long-term sensitization
can be produced by only a single tail shock after 30 min
after a noxious stimulus that induces both ApLLP and
ApC/EBP expression. The high potassium treatment
has been used to mimic the axotomy-induced strong
neural activity in the Aplysia neurons (Weragoda et al.,
2004). Therefore, ApLLP was induced by strong neural
activity that was generated by a stressful event such
as by pinching the Aplysia siphon for 5 min.

It is reported that some stressful experiences before
the learning event facilitate learning and memory forma-
tion in the mammalian system. Shors et al. (1992) have
shown that exposure to an acute stressor of restraint
and intermittent tail shocks enhances classical eyeblink
conditioning after a day in the male rat. However, the
cellular and molecular mechanisms underlying these be-
haviors have not been well studied.

In the cellular model of ApLLP-induced LTF, the
strong neural activity elicited by SNS (stressful experi-
ence) induces ApLLP expression through calcium-acti-
vated signaling cascade although the molecular mecha-
nism of ApLLP induction remains to be investigated
(Finkbeiner and Greenberg, 1998; Lin et al., 2003).
Then, ApLLP induces ApC/EBP expression and subse-
quently lowers the threshold for the induction of LTF

and long-term memory. Upon treatment of one pulse
5-HT or a single tail shock (learning), which produces
only short-term plasticity by transient modification of
proteins (Bartsch et al., 2000; Lee et al., 2001), ApLLP-in-
duced ApC/EBP switches short-term into long-term fa-
cilitation or sensitization (Figure 8). These suggest that
ApLLP-elicited ApC/EBP induction by noxious stimulus
before the learning could be a molecular trace of stress-
ful event to enhance the long-term memory formation.

The homologs of ApLLP have been searched in the
EST databases of various organisms (Kim et al., 2003).
Recently, yeast and human homologs of ApLLP have
been identified in the yeastgfp database and nucleolar
proteome database (http://yeastgfp.ucsf.edu/ and
http://lamondlab.com/nopdb/). The sequence analysis

Figure 8. Schematic Model of ApLLP Functions in Synaptic Plastic-
ity and Siphon Noxious Stimulus-Facilitated Sensitization

The siphon sensory neuron (siphon SN), siphon motor neuron
(siphon MN), and serotonergic neuron (5-HT) are represented sche-
matically. SNS-induced neural activity activates calcium signaling
and induces ApLLP although the molecular mechanism of ApLLP
induction is not clear yet (represented as question marks). The
induced-ApLLP directly binds to the ApC/EBP promoter and acti-
vates the transcription of ApC/EBP mRNA. This ApLLP-dependent
ApC/EBP induction can lower the threshold for the 5-HT-elicited
LTF. Thus, treatment with a single 5-HT pulse, which produces
only short-term synaptic plasticity by transient modification of
proteins, switches a short-term to a long-term increase in synaptic
strength. As parallel, a single tail shock, which produces only
short-term sensitization, induces the long-term sensitization in
Aplysia behavior model.

The Role of ApLLP in Synaptic Plasticity
715

(Kim et al., Neuron 2006)



P

경험1

유사한경험

장기기억형성



기억을지워라!
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clinical, animal lesion, and physiological studies suggest that
different regions of the basal ganglia are involved in controlled
versus automatic behavior (Ashby and Maddox, 2005; Balleine
and O’Doherty, 2010; Hikosaka et al., 1999; Redgrave et al.,
2010; Yin and Knowlton, 2006). Human neuroimaging data sug-
gest that subregions of the basal ganglia become active differen-
tially depending on planning, skill acquisition, reward prediction,
and feedbacks (Balleine and O’Doherty, 2010; Seger, 2008;
Wunderlich et al., 2012). Human patients with Parkinson’s
disease are impaired in cognitive tasks that require flexible adap-
tations to environmental changes, such as set shifting and value
reversal (Brown and Marsden, 1990; Cools et al., 1984; Kehagia
et al., 2010; Lees and Smith, 1983). On the other hand, Parkin-
son’s disease patients are also impaired in probabilistic category
learning tasks that require visual skills (Ashby and Maddox,
2005; Knowlton et al., 1996; Shohamy et al., 2004). Patients
with Huntington’s disease may show profound impairments in
visual recognition (Lawrence et al., 1998), even early in the dis-
ease when neurodegeneration is detected mainly in the caudate
tail (Vonsattel et al., 1985). Notably, monkeys with lesions in the
caudate tail are deficient in visual skills (Fernandez-Ruiz et al.,
2001). The stable value information in the caudate tail may be
transmitted to the superior colliculus through the substantia
nigra pars reticulata so that monkeys make saccades preferen-
tially to high-valued objects (Yasuda et al., 2012).
Although these studies individually provide important data, it

has been difficult to reach a unified view on basal ganglia func-
tions. Our recording and inactivation experiments on the primate
caudate head and tail provide insights in understanding how the
basal ganglia normally control behavior inmultiple but integrative
ways and how behavior can be disrupted in multiple ways in
basal ganglia disorders.

EXPERIMENTAL PROCEDURES

General Procedures
Two adult male rhesus monkeys (Macaca mulatta, 8–9 kg) were used for

the experiments. All animal care and experimental procedures were

approved by the National Eye Institute Animal Care and Use Committee

and complied with the Public Health Service Policy on the humane care

and use of laboratory animals. We implanted a plastic head holder and a

recording chamber to the skull under general anesthesia and sterile surgical

conditions. The chamber was tilted laterally by 25! and was aimed at the

caudate head, body, and tail. Two search coils were surgically implanted

under the conjunctiva of the eyes to record eye movements. After the mon-

keys fully recovered from surgery, we started training them with flexible and

stable value procedures.

Neural Recording
While the monkey was performing a task, we recorded the activity of single

neurons in different subregions in the caudate nucleus using conventional

methods. The recording sites were determined with 1 mm spacing grid sys-

tem, with the aid of MR images (4.7T, Bruker) obtained along the direction of

the recording chamber. Single-unit recording was performed using glass-

coated electrodes (Alpha-Omega). The electrode was inserted into the brain

through a stainless-steel guide tube and advanced by an oil-driven microma-

nipulator (MO-97A, Narishige). The electric signal from the electrode was

amplified with a band-pass filter (2 Hz–10 kHz; BAK) and collected at 1 kHz.

Neural spikes were isolated online using a custom voltage-time window

discrimination software (MEX, LSR/NEI/NIH).

Behavioral Tasks
Behavioral tasks were controlled by a QNX-based real-time experimentation

data acquisition system (REX, Laboratory of Sensorimotor Research, National

Eye Institute, National Institutes of Health [LSR/NEI/NIH]). The monkey sat in a

primate chair, facing a frontoparallel screen 33 cm from themonkey’s eyes in a

sound-attenuated and electrically shielded room. Visual stimuli generated by

an active matrix liquid crystal display projector (PJ550, ViewSonic) were rear

projected on the screen. We created the visual stimuli using fractal geometry.

Their sizes were approximately 8! 3 8!.

Flexible Value Procedure

This procedure allowed us to examine behavioral and neuronal encoding of

flexible object values as they were being updated in blocks of trials (Figure 1A

and Figure S1A). Therefore, learning (of object values) and testing (of the mon-

key’s behavior and of neuronal activity) were done in one task procedure, as

illustrated in Figure 1A. For each monkey, a fixed set of two fractal objects

(say, A and B) was used as the saccade target (except in some experiments

used for the muscimol-induced inactivation, see below). Each trial started

with a central white dot presentation, which the monkey was required to fixate.

After 700 ms, while the monkey was fixating on the central spot, one of the two

fractal objects was chosen pseudorandomly and was presented at one of two

A B C Figure 8. Differential Impairments of Flexible
and Stable Value-Guided Saccades by
Caudate Head and Tail Inactivations
(A) Example injection sites of muscimol in the caudate

nucleus (yellow structure) reconstructed on an MR

image: caudate head (top) and tail (bottom). Scale bar

indicates 5 mm.

(B) Effects on the controlled saccades in the flexible

value procedure (Figure 1B). The differences in the

target acquisition time between high- and low-valued

objects are plotted before and during inactivation

(mean ± SE). Data are shown separately for caudate

head inactivation (top, n = 6) and tail inactivation

(bottom, n = 9) and for contralateral saccades (solid

line) and ipsilateral saccades (dashed line).

(C) Effects on the automatic saccades in the stable

value procedure (free-looking task, Figure 1D). The

differences in the probability of automatic looking

between high- and low-valued objects are plotted

before and during inactivation (mean ± SE). Same

format as in (B). See also Figures S6–S8.
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SUMMARY

Choosing valuable objects is critical for survival, but
their values may change flexibly or remain stable.
Therefore, animals should be able to update the
object values flexibly by recent experiences and
retain them stably by long-term experiences. How-
ever, it is unclear how the brain encodes the two
conflicting forms of values and controls behavior
accordingly. We found that distinct circuits of the
primate caudate nucleus control behavior selectively
in the flexible and stable value conditions. Single
caudate neurons encoded the values of visual
objects in a regionally distinct manner: flexible value
coding in the caudate head and stable value coding
in the caudate tail. Monkeys adapted in both condi-
tions by looking at objects with higher values. Impor-
tantly, inactivation of each caudate subregion dis-
rupted the high-low value discrimination selectively
in the flexible or stable context. This parallel comple-
mentary mechanism enables animals to choose valu-
able objects in both flexible and stable conditions.

INTRODUCTION

We choose between objects based on their values, which we
learn from past experience with rewarding consequences
(Awh et al., 2012; Chelazzi et al., 2013). The values of some
objects change flexibly, and we have to search valuable objects
based on their consequent outcome (Barto, 1994; Dayan and
Balleine, 2002; Padoa-Schioppa, 2011; Rolls, 2000). On the
other hand, the values of some other objects remain un-
changed, and we have to choose the valuable objects based
on the long-term memory. Since the stable value formed by
repetitive experiences is reliable, we may consistently choose
the object regardless of the outcome (Ashby et al., 2010; Bal-
leine and Dickinson, 1998; Graybiel, 2008; Mishikin et al.,
1984; Wood and Neal, 2007). Both flexible and stable value-
guided behaviors are critical to choose the valuable objects
efficiently. If we rely only on flexible values, we would always
have to make an effort to find valuable objects by trial and error.
If we rely only on stable values, we would fail to choose valu-
able objects if their values have changed recently. Therefore,

our brain must acquire both flexible and stable values of objects
to guide each behavior.
However, the flexible and stable values are oftenmutually con-

flicting (stability-flexibility dilemma) (Abraham and Robins, 2005;
Anderson, 2007; Daw et al., 2006; Liljenström, 2003). For the
flexible value, any short-term change in object value matters,
and the memory must be updated quickly. For the stable value,
only a long-term change matters, and the memory must be
updated only slowly so that small changes can be ignored. It is
still unclear how the brain encodes both flexible and stable
values to guide choice behavior accordingly. It would be difficult
for a single neural circuit to process the potentially conflicting
values. One alternative hypothesis would be that the brain has
two independent mechanisms, one encoding flexible memories
and the other encoding stable memories to guide choice
behavior differently in each situation. Notably, the parallel
process has been suggested to be a fundamental feature of
the brain anatomically and functionally (Alexander et al., 1986).
Especially, the basal ganglia have well-known parallel anatom-
ical circuits connected from cortical regions to output structures
(Alexander et al., 1986; Kemp and Powell, 1970; Szabo, 1970,
1972). In particular, the caudate nucleus receives inputs from a
large portion of the cerebral cortex including the prefrontal and
temporal cortex (Saint-Cyr et al., 1990; Selemon and Gold-
man-Rakic, 1985; Yeterian and Van Hoesen, 1978), through
which visual object information is processed (Kim et al., 2012;
Yamamoto et al., 2012). We thus hypothesized that the caudate
nucleus contains parallel functional units that process object
value information independently.
To test this hypothesis, we performed two experiments, first

aiming at neuronal information processing and then behavioral
causality. These experiments together suggested that the
head and tail of the primate caudate nucleus have distinct func-
tions, the head guiding controlled behavior based on flexible
values and the tail guiding automatic behavior based on stable
values.

RESULTS

To examine the value representation and the behavior control by
the caudate nucleus, we used flexible and stable value proce-
dures (Figure 1). Figure S1, available online, shows the underly-
ing concept. In each case, the monkey experienced fractal
objects with high values and low values. In the flexible value
procedure (Figure S1A), objects changed their values frequently

Neuron 79, 1001–1010, September 4, 2013 ª2013 Elsevier Inc. 1001
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신경세포수준에서기억삭제treated mice, Foxp3+ T cells still lost Foxp3 ex-
pression but did not gain expression of CXCR5,
CD40L, and PD-1 (Fig. 4C). Consistent with
these observations, blocking CD40-CD40L inter-
actions resulted in a reduction of GC formation in
PPs and of B220– IgA+ plasma cells in the LP
(fig. S5, A and B). Thus, the differentiation of
Foxp3+ Tcells into TFH cells requires B cells and
CD40 expression, presumably by either B cells
or DCs or both.

Foxp3+ T cells were converted into TFH cells
only in PPs; neither TFH cells nor GCs could be
detected in spleen or LNs of CD3e–/–mice adop-
tively transferred with Foxp3+ T cells (Fig. 4, D
and E, and fig. S6). Furthermore, immunization
with sheep red blood cells (SRBCs) in the presence
of bacterial components failed to induce GCs in
spleen of CD3e–/– mice that received Foxp3+ T
cells. In contrast, control mice and CD3e–/– mice
that had received Foxp3– T cells generated GCs
in the spleen after SRBC immunization (Fig. 4, D
and E). Thus, the precursors of PP TFH cells are
enriched in the Foxp3+ T cell population, where-
as other T cells, like Foxp3– T cells, can differ-
entiate into TFH cells in the spleen on experimental
systemic immunization.

Our studies demonstrate that Foxp3+ T cells
in PPs can differentiate efficiently into cells with
characteristics of TFH cells, which then partici-
pate in the induction of GCs and IgA synthesis in
the gut. How can we then explain the preferential
generation of PP TFH cells from the peripheral
Foxp3+ Tcell population? Two possible scenarios
can be conceived. First, TFH cell differentiation
per se may require a Foxp3-dependent molecular
program. This is unlikely, however, because adop-
tively transferred Foxp3–Tcells efficiently generated

TFH cells in the spleen on immunizationwith SRBCs
and because scurfy T cells, which contain a
mutated Foxp3gene, could generate TFH-phenotype
cells in PPs, albeit less efficiently than control T
cells (fig. S7). A more likely scenario is that PP
TFH cell differentiation may be controlled by the
same signals that promote Foxp3 expression in
gut T cells (27–30), such as antigen recognition
through the T cell receptor (TCR). Consistent
with this idea, adoptive transfer of ovalbumin-
specific OT-II TCR transgenic RAG-2–/–CD4+ T
cells into CD3e–/– hosts led to generation of
Foxp3+ T cells in the gut LP and TFH cells in the
PPs if mice were fed ovalbumin (fig. S8). These
data suggest that, depending on the environment,
TCR stimulation induces either IL-10–producing
“suppressor” or IL-21–producing “helper”Tcells
(fig. S9). Despite the presence of the same
antigens that previously induced Foxp3 expres-
sion, the IL-6–, IL-21–, and activated B cell–rich
environment of PPs results in many Foxp3+ T
cells differentiating into TFH cells. These studies
have implications for how the suppression of in-
flammatory reactions and induction of IgA syn-
thesis occur in the gut.
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Selective Erasure of a Fear Memory
Jin-Hee Han,1,2,3 Steven A. Kushner,1,4 Adelaide P. Yiu,1,2 Hwa-Lin (Liz) Hsiang,1,2
Thorsten Buch,5 Ari Waisman,6 Bruno Bontempi,7 Rachael L. Neve,8
Paul W. Frankland,1,2,3 Sheena A. Josselyn1,2,3*

Memories are thought to be encoded by sparsely distributed groups of neurons. However,
identifying the precise neurons supporting a given memory (the memory trace) has been a
long-standing challenge. We have shown previously that lateral amygdala (LA) neurons with
increased cyclic adenosine monophosphate response element–binding protein (CREB) are
preferentially activated by fear memory expression, which suggests that they are selectively
recruited into the memory trace. We used an inducible diphtheria-toxin strategy to specifically
ablate these neurons. Selectively deleting neurons overexpressing CREB (but not
a similar portion of random LA neurons) after learning blocked expression of that fear
memory. The resulting memory loss was robust and persistent, which suggests that the memory
was permanently erased. These results establish a causal link between a specific neuronal
subpopulation and memory expression, thereby identifying critical neurons within
the memory trace.

Ensembles of neurons are thought to serve
as the physical representation of memory
(the memory trace) (1). However, identi-

fying the precise neurons that constitute a mem-
ory trace is challenging because these neuronal
ensembles are likely sparsely distributed (2).

Previous studies detected neurons whose activ-
ity is correlated with memory encoding, expres-
sion, or both (3–7). However, correlative studies
do not address whether these neurons are essen-
tial components of the memory trace. A direct
test of this requires specifically disrupting only

those activated neurons and determining whether
subsequent memory expression is blocked. Es-
tablishing this causal role has been difficult, be-
cause of the limited ability of current techniques
to target a specific subset of neurons within a
brain region.

To target neurons whose activity is correlated
with memory, we took advantage of our recent
findings that LA neurons with relatively increased
levels of the transcription factor CREB were
preferentially activated by auditory fear memory
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expressed Arc after memory testing; neurons with
CREB-cre were three times as likely to be acti-
vated by fear memory testing as their noninfected
neighbors. In contrast, neurons with Cntrl-cre
vector and their noninfected neighbors were
equally likely to be activated by memory testing
(Fig. 2).

We microinjected CREB-cre vector into the
LA of iDTR mice before weak auditory fear
training. Cntrl-cre vector was used to ablate a
similar portion of random LA neurons (i.e., not
preferentially activated by fear memory testing).
We assessed memory before (test 1) and after
(test 2) inducing cell death in tagged neurons
by administering DT. The CREB-cre vector
enhanced fear memory following weak train-
ing (Fig. 3, test 1), consistent with previous
results (8, 19–22). Selectively deleting neu-
rons with CREB-cre vector completely reversed
this enhancement (test 2). Note that CREB-
enhanced memory was not blocked if either
cre or DT was omitted, consistent with the ab-
sence of apoptosis in these control groups. The
reversal of CREB-enhanced memory was not
due to memory extinction with repeated testing
because the control groups froze robustly on test
2. Therefore, increasing CREB in a subpopu-
lation of LA neurons enhances a weak memory
and specifically ablating just these neurons re-
verses this enhancement.

Although increasing CREB in a subpop-
ulation of LA neurons does not further enhance
a strong memory, neurons overexpressing CREB
are, nevertheless, preferentially activated by fear
memory expression (8). This suggests that CREB
levels dictate which neurons are recruited into
a memory trace, even in the absence of behav-
ioral change. To examine the effects of ablating
neurons overexpressing CREB on a strong
memory, we trained mice that received CREB-
cre or Cntrl-cre microinjections using an intense
protocol. Strong training produced robust audi-
tory fear memory in both groups before DT
administration (Fig. 4A). After DT, only CREB-
cre mice showed a loss of auditory fear memory.
To investigate whether memory in mice micro-
injected with CREB-cre is particularly suscepti-
ble to the ablation of a small number of neurons,
we microinjected both Cntrl-cre and CREB (no
cre) vectors, which allowed us to delete only
Cntrl-cre neurons after training. Deleting this
small portion of neurons (that were not overex-
pressing CREB) had no effect on memory (fig.
S5). Therefore, memory loss was specific; it was
not determined by the absolute number of de-
leted LA neurons but by whether these deleted
neurons overexpressed CREB at the time of
training.

Administering DT after a fear memory test
blocked expression of both CREB-enhanced
memory produced by weak training and robust
memory produced by strong training in iDTR
mice microinjected with CREB-cre (but not
Cntrl-cre) vector. Fear memory testing reacti-
vates memory and may trigger a second wave of

consolidation (reconsolidation) that, similar to
initial consolidation, requires protein synthesis
(23, 24). Because DT induces cell death by in-
hibiting protein synthesis, it is possible that im-
paired reconsolidation contributes to the memory
loss. To assess this, we trained mice but omitted
the memory reactivation induced by test 1. Con-
sistent with our previous results, fear memory
was blocked in CREB-cre, but not Cntrl-cre,
mice (Fig. 4B). Therefore, memory loss was in-
dependent of memory reactivation, which ruled
out the possibility that blocking reconsolidation
accounts for the memory disruption.

If neurons overexpressing CREB during train-
ing are critically involved in the subsequent mem-
ory trace, then deleting them should permanently
block memory expression. To examine the per-
sistence of memory loss, we trained mice, admin-
istered DT, and assessed memory 2, 5, and 12
days later. Memory loss in CREB-cre mice was
long-lasting, whereas memory remained robust
in Cntrl-cre mice (Fig. 4C). Therefore, we found

no evidence of memory recovery in mice in
which neurons overexpressing CREB were de-
leted, which suggested that memory was not
transiently suppressed. To rule out the possibil-
ity that the memory loss was due to a nonspe-
cific impairment in LA function, we showed that
CREB-cre mice could relearn (Fig. 4C). Sim-
ilarly, pretraining deletion of neurons overexpress-
ing CREB did not impair the acquisition, or
stability, of a conditioned fear memory (fig. S6).
Deleting neurons overexpressing CREB does not
affect subsequent learning, presumably because
the high portion of remaining (noninfected) neu-
rons are sufficient to encode a new memory.
Finally, ablating CREB-overexpressing neu-
rons did not block expression of a memory ac-
quired before surgery (fig. S8). Together, these
findings indicate that ablating neurons that
were overexpressing CREB at the time of mem-
ory encoding blocks memory for that particular
learning event, highlighting the specificity of
memory loss.

Fig. 2. Neurons overexpress-
ing CREB preferentially acti-
vated by fear memory testing.
(A) Double-labeled nuclei in
LA of CREB-cre, but not Cntrl-
cre, mice. Nuclei (blue), GFP+

(with CREB-cre or Cntrl-cre
vector, green), Arc+ (pink), or
double-labeled nuclei (GFP+

and Arc+; arrows). Scale bar,
20 mm. (B) In CREB-cre mice, Arc was preferentially localized in infected (GFP+), rather than nonin-
fected (GFP–), neurons. In Cntrl-cre mice, Arc was equally distributed in infected and noninfected neurons
(Vector × GFP/Arc colocalization interaction, F1,5 = 18.74, P < 0.05).

Fig. 3. Overexpressing CREB in LA neurons enhances memory induced by weak training; subsequent
ablation of these neurons reverses this enhancement. (Top) CREB-cre microinjection enhanced memory
after weak training [test 1, CREB-cre/DT (n = 8), Cntrl-cre/DT (n = 9), P < 0.001]. DT administration
reversed this memory enhancement (test 2, P < 0.001). CREB-enhanced memory was not blocked on
test 2 if either cre [CREB/DT (n = 7), P > 0.05] or DT [CREB-cre/PBS (n = 6), P > 0.05] was omitted.
Group × Test interaction F3,26 = 13.90, P < 0.001. (Bottom) Schematic of LA neurons after DT or PBS.
Blue, DAPI-labeled neuronal nuclei; pink, neurons activated by memory; and white, ablated neurons.
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Interregional synaptic maps
among engram cells
underlie memory formation
Jun-Hyeok Choi,* Su-Eon Sim,* Ji-il Kim,* Dong Il Choi,* Jihae Oh,
Sanghyun Ye, Jaehyun Lee, TaeHyun Kim, Hyoung-Gon Ko,
Chae-Seok Lim, Bong-Kiun Kaang†

Memory resides in engram cells distributed across the brain. However, the
site-specific substrate within these engram cells remains theoretical, even though
it is generally accepted that synaptic plasticity encodes memories. We developed the
dual-eGRASP (green fluorescent protein reconstitution across synaptic partners)
technique to examine synapses between engram cells to identify the specific neuronal
site for memory storage. We found an increased number and size of spines on CA1
engram cells receiving input from CA3 engram cells. In contextual fear conditioning,
this enhanced connectivity between engram cells encoded memory strength. CA3
engram to CA1 engram projections strongly occluded long-term potentiation. These
results indicate that enhanced structural and functional connectivity between engram
cells across two directly connected brain regions forms the synaptic correlate for
memory formation.

M
emory storage and retrieval require spe-
cific populations of neurons that show
increased neuronal activity duringmem-
ory formation. Several studies iden-
tified these engram cells throughout

various brain regions and demonstrated that ac-
tivated engram cells can induce artificial retrieval
of storedmemories (1–6). To explain howmemory
is encoded in the engram, Hebb proposed a hypo-
thetical mechanism, often paraphrased as “fire
together, wire together” (7). This hypothesis sug-
gests that synaptic strengthening between coac-
tivated neurons forms the neural substrate of
memory. However, it has not been possible to
delineate whether memory formation enhances
synapses between engram cells in connected brain
regions because we could not distinguish pre-
synaptic regions originating from engram cells
and nonengram cells.
To compare two different presynaptic popula-

tions that project to a single postsynaptic neuron,
we modified the green fluorescent protein (GFP)
reconstitution across synaptic partners (GRASP)
technique (8, 9). GRASP uses two complementary
mutant GFP fragments (10), which are expressed
separately on presynaptic and postsynaptic mem-
branes and reconstitute in the synaptic cleft to
form functional GFP. This GFP signal indicates
a formed synapse between the neuron express-
ing the presynaptic component and the neuron
expressing the postsynaptic component. We de-
veloped an enhancedGRASP (eGRASP) technique,
which exhibits increased GRASP signal intensity
by introducing a weakly interacting domain that

facilitates GFP reconstitution and a singlemuta-
tion commonly found on most advanced GFP
variants (fig. S1) (11). We further evolved eGRASP
to reconstitute cyan or yellow fluorescent protein
(Fig. 1, A and B, and fig. S2) (12–14). Placing the
color-determining domain in the presynaptic
neuron (cyan/yellow pre-eGRASP) and the com-
mon domain to the postsynaptic neuron (post-
eGRASP) enabled visualization of the two synaptic
populations that originated from two differ-
ent presynaptic neuron populations and proj-
ected to a single postsynaptic neuron.We named
this technique dual-eGRASP (Fig. 1A). We dem-
onstrated that two colors reveal the contact
interface in human embryonic kidney (HEK)
293T cells expressing the common domain with
cells expressing either of the color-determining
domains (Fig. 1C). We successfully applied this
technique to synapses on dentate gyrus (DG)
granule cells originating from either the lateral
entorhinal cortex (LEC) or the medial entorhinal
cortex (MEC) that projected to the outer and
middle molecular layers of the DG, respectively
(Fig. 1D) (15). This technique can also separately
label intermixed synapses that do not have a
unique spatial distribution on CA1 pyramidal
neurons that originate from either the con-
tralateral CA3 or ipsilateral CA3 (Fig. 1E) (16).
We confirmed that the eGRASP formation
itself does not induce undesired strengthen-
ing of the synaptic transmission between the
neurons expressing pre-eGRASP and post-
eGRASP (fig. S3).
To apply dual-eGRASP on synaptic connec-

tions between engram cells from two different
regions, we used a Fos promoter–driven reverse
tetracycline–controlled transactivator (rtTA) de-
livered by adeno-associated virus (AAV) to ex-
press specific genes of interest in the engram cells

at particular time points (17–20). Doxycycline in-
jection 2 hours before either seizure induction or
contextual fear conditioning (CFC) successfully
labeled the cells activated during these events
(figs. S4 and S5). Using this Fos-rtTA system, we
expressed post-eGRASP together with membrane-
targetedmScarlet-I (21) unilaterally in CA1 engram
cells and yellow pre-eGRASP in the contralateral
CA3 engram cells to avoid possible coexpression
of pre-eGRASP and post-eGRASP. This system
labeled CA3 engram to CA1 engram (E-E) syn-
apses with yellow eGRASP signals on red fluo-
rescently labeled dendrites. To compare these
synapses with other synapses [nonengram to
engram (N-E), engram to nonengram (E-N), and
nonengram to nonengram (N-N) synapses], we
expressed post-eGRASP together with membrane-
targeted iRFP670 (22) in a sparse neuronal pop-
ulation from the ipsilateral CA1, while expressing
cyan pre-eGRASP in a random neuronal popula-
tion from the contralateral CA3. We achieved
strong expression in the random neuronal
population using a high titer of double-floxed
inverted open reading frame (DIO) AAV with a
lower titer of Cre recombinase expressing AAV
(Fig. 2A). We confirmed that yellow pre-eGRASP
expression is doxycycline dependent, demon-
strating that this system can label synapses orig-
inating from engram cells of a specific event (fig.
S6). We successfully distinguished four types of
synapses in the same brain slice after CFC. Based
on the percentage of overlapping fluorescence,
CA3 cells expressing cyan pre-eGRASP, yellow
pre-eGRASP, CA1 cells expressing iRFP and
mScarlet-I are estimated to be 78.38, 40.25,
11.61, and 20.93%, respectively (fig. S7). Cyan
and yellow puncta on red (mScarlet-I) den-
drites indicated N-E and E-E synapses, respec-
tively, whereas cyan and yellow puncta on
near-infrared (iRFP670) dendrites indicated
N-N and E-N synapses (Fig. 2, B and C). We
considered puncta expressing both cyan and
yellow fluorescence as synapses originating from
engram cells, because these synapses originate
fromCA3 cells expressing both cyan pre-eGRASP
(randomly selected population) and yellow pre-
eGRASP (engram cells). We found no significant
differences between the density of N-N and N-E
synapses (Fig. 2D and fig. S8, A and C); however,
the density of E-E synapses was significantly
higher than E-N synapses (Fig. 2D and fig. S8,
B and D). This difference indicates that pre-
synaptic terminals from CA3 engram cells pre-
dominantly synapsed on CA1 engram cells rather
thanCA1 nonengram cells.We also examined the
size of spines in each synapse population. E-E
spine head diameter and spine volume were
significantly greater than N-E synaptic spines,
whereas N-N and E-N did not show any sig-
nificant differences (Fig. 2E).
Although the number of engram cells may re-

main constant across different memory strengths
(23), we predicted that connectivity between
pre- and post-engram cells could encode memory
strength. We investigated whether memory
strength correlates with connectivity between
engram cells using the same combination of
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Fig. 2. CA3 engram to CA1 engram synapses exhibited higher
synaptic density and larger spine size after memory formation.
(A) (Left) Schematic illustration of injected AAVs. (Middle) Illustration of virus
injection sites. Injection in each site was performed with a complete cocktail
of all the virus infected in each site. (Right) Schematic of the experimental
protocol. (B) (Left) Schematic diagram of the four possible synapse
populations among engram and nonengram cells. (Right) Classification
of the four synaptic populations indicated by four colors. Green, N-N; orange,
E-N; blue, N-E; red, E-E.The color for each group applies to Figs. 2 and 3.
(C) Representative image with three-dimensional modeling for analysis.
(D) Normalized cyan/yellow eGRASP per dendritic length.The densities of
cyan-only (left) or yellow puncta (right) on red dendrites are normalized to the

corresponding cyan-only or yellow puncta on near-infrared dendrites from the
same images in order to exclude the effect of different number of CA3 cells
expressing each presynaptic components. Each data point represents a
dendrite. n = 43 for CA1 nonengram dendrites; n = 45 for CA1 engram
dendrites; 9 images from 3 mice. Mann Whitney two-tailed test. n.s., not
significant; **P = 0.0017. (E) Normalized spine head diameters and spine
volumes of dendrites from CA1 nonengram cells (left) and engram cells (right)
with schematic illustration. Sizes of the spines with yellow puncta were
normalized to those of the spines with cyan-only puncta of the same dendrite.
Each data point represents a spine. N-N, n = 81; E-N, n = 107; N-E, n = 93;
E-E, n = 55. Mann Whitney two-tailed test. n.s., not significant; **P = 0.0014;
****P < 0.0001. Data are represented as mean ± SEM.
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