
Can	traumatic	
memories	be	erased?
Stephen	Maren	
Psychological	and	Brain	Sciences	
Institute	for	Neuroscience	
Texas	A&M	University

BBRF	Webinar	•	April	14,	2020	



Disclosures
! Salaried	9-month	faculty	member	at	
Texas	A&M	University		

! Research	funded	by	NIH	
(R01MH117852,	RO1MH065961)	

! Honorarium	from	Elsevier	as	Editor-
in-Chief	of	Behavioural	Brain	
Research	

! No	corporate	relationships	or	
interests	

! I	am	a	basic	scientist,	not	a	clinician



Fear...Terror...Trauma



Learning	to	fear
! Forming	fear	memories	is	
adaptive	
• Survival	depends	on	detecting	and	
avoiding	both	new	and	past	threats	

! ….but	traumatic	memories	can	
lead	to	psychopathology	
• post-traumatic	stress	disorder	(PTSD)

! Anxiety	disorders	are	most	prevalent	
mental	health	disorder	in	world
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Post-traumatic	stress	disorder	(PTSD)

! PTSD	is	anchored	to	a	traumatic	
event	(i.e.,	a	memory)	

!Direct	or	perceived	threat	to	life:	
" Natural	disaster	
" Combat	trauma	or	terrorist	attack	
" Domestic	or	sexual	abuse	
" Death	of	a	loved	one	
" Motor	vehicle	accident	
" Physical	or	sexual	assault	
" Emergency	medical	crisis



Post-traumatic	stress	disorder	(PTSD)
! PTSD	symptoms	involve	memories	of	the	
trauma	(re-experiencing)	
" Flashbacks	(“being	there	again”)	
" Nightmares

! Other	symptoms	include:	
" Numbing	and	social	withdrawal	
" Avoidance	of	trauma	reminders	(either	
thoughts	or	situations)	

" Hypervigilance	(scanning)	
" Physiological	reactivity	(startle,	light/noise	
sensitivity)



PTSD	can	co-occur	with	many	disorders



Tone Shock Fear

Learning	to	fear:	Pavlovian	fear	conditioning

! Fundamental	form	of	associative	
learning	modeling	aspects	of	
PTSD	

! High	level	of	experimental	and	
parametric	control	

! Characterized	in	both	animals	and	
humans



PTSD,	fear	conditioning,	and	extinction

! Fear	conditioning	(learning)	
• Trauma-associated	stimuli	evoke	learned	fear	(fear	memory)	

! Extinction	(new	learning)	
• Experiencing	trauma-associated	cues	in	a	safe	setting	reduces	fear	
(extinction	memory)

! Relapse	
• Time,	stress,	or	
context	change	
cause	fear	to	return
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How	do	you	treat	PTSD?
! Cognitive-behavioral	therapies	(CBT)	generally	more	
effective	than	medications

! Prolonged	exposure	(PE)	therapy	is	an	
effective	form	of	CBT		
• Repeatedly	confront	fears	in	a	safe	setting	
(extinction	procedure)	

• Often	accompanied	with	relaxation	
techniques	

• Goal	is	to	reduce	fear	and	other	PTSD	
symptoms



! Extinction	suppresses	fear	
memories,	but….	

! Fear	relapses	under	a	variety	
of	conditions	

! Extinction	does	not	erase	
the	fear	memory…

Extinction	memories	are	labile



! Extinction	fosters	new	
inhibitory	learning	

! Konorski	(1967):	“in	the	course	
of	extinction	the	inhibitory	
connections	are	being	formed	
side	by	side	with	the	totally	
preserved	excitatory	
connections”

Konorski	(1967).	Integrative	Activity	of	the	Brain.

Extinction	is	not	erasure!



Brain	circuits	for	fear,	extinction,	and	relapse

! Fear	conditioning	
! Trauma	memories	formed	in	amygdala	

! Extinction	
! Prefrontal	cortex	inhibits	fear	memories	in	

the	amygdala	

! Context	(who,	what,	where,	when)	
! Hippocampus	places	memories	in	context	

and	drives	relapse
Hippocampus

Prefrontal 
Cortex

Maren, Phan, Liberzon. (2013). Nature Rev Neurosci.
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Memory	erasure	as	science	fiction?

! Men	in	Black	(1997)	
• “Neuralyzer”	used	

to	wipe	memories	
of	alien	encounters



Memory	erasure	as	science	fiction?

! Eternal	Sunshine	of	
the	Spotless	Mind	
(2004)	
• Couple	in	a	soured	

relationship	has	
memories	of	each	
other	erased
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Memory editing from science fiction to 
clinical practice
Elizabeth A. Phelps1,2* & Stefan G. Hofmann3

Science fiction notions of altering problematic memories are starting to become reality as techniques emerge through 
which unique memories can be edited. Here we review memory-editing research with a focus on improving the treatment 
of psychopathology. Studies highlight two windows of memory vulnerability: initial storage, or consolidation; and re-
storage after retrieval, or reconsolidation. Techniques have been identified that can modify memories at each stage, but 
translating these methods from animal models to humans has been challenging and implementation into clinical therapies 
has produced inconsistent benefits. The science of memory editing is more complicated and nuanced than fiction, but 
its rapid development holds promise for future applications.

I f you could erase the memory of the worst day of 
your life, would you? How about your memory 
of a person who has caused you pain? The notion 

that this is possible was the premise of the critically 
acclaimed film Eternal Sunshine of the Spotless Mind, 
in which two lovers choose to erase their memories of a relationship that 
has gone bad, only to find that they are drawn to each other once again. 
In other science fiction films, memories are erased to hide government 
secrets (Men in Black) or implanted to provide virtual ‘vacations’ (Total 
Recall). The idea of selectively editing memories has also emerged in chil-
dren’s films (The Incredibles 2, Frozen). As these films illustrate, even when 
the intention of memory editing is to reduce pain or protect someone, 
there can be unexpected consequences. The memory-manipulating tech-
niques in these films rely on science fiction-based notions about how we 
can edit memories, with the implicit assumption that unique memories 
have identifiable signatures in the brain that can be targeted for implan-
tation or deletion.

Despite the prevalence of memory editing in science fiction, it has 
mostly been just that—fiction. Although the identification of synaptic 
changes that underlie the representation of simple associative memories 
in invertebrates demonstrated that it is possible to alter the neural instan-
tiation and behavioural expression of unique memories1, applying similar 
techniques to humans has proved elusive. This is in part because the neu-
ral representations of memories are far more complex in vertebrates, and 
also because methods that have been used to alter synaptic plasticity in 
animal models are not safe for use in humans. However, neuroscientists 
and psychologists have begun to investigate techniques that may over-
come these challenges. These new approaches are being used to address 
the prospect of purposefully editing human memories, with goals such 
as reducing the emotional consequences that stem from memories of 
traumatic events2, diminishing cravings that are induced by drug cues in 
addicts3 or enhancing education4.

This Review describes recent advances in memory editing and how 
they might translate to current clinical practice. For this reason, we focus 
on memories for events with an emotional meaning, as these are more 
likely to be clinically relevant. Because we are interested in the editing 
of unique memories, we do not discuss techniques that enhance or 
impair memory broadly. In addition, we primarily examine approaches 
that have been or can be used in humans. Although techniques such 

as optogenetics show considerable promise for the  
editing of emotional memories in animal models5,6, 
these approaches are too invasive for use in the clinic. 
So far, a range of techniques have been identified that 
can be used to edit unique human memories, but 

attempts to translate these to clinical therapies have produced incon-
sistent benefits. Translation from animal models to human memories 
has been challenging because interventions used in animals are often 
unsafe for people, and human memories are more complex. The science 
of memory editing is nuanced and complicated, and relatively little is 
known at present about how these techniques might most effectively be 
applied to clinical treatments. However, the rapid speed at which this 
science is advancing suggests the potential for promising applications of 
memory-editing techniques in the future7,8.

The science of memory editing
Challenges and windows of vulnerability
One challenge of applying memory-editing research to the clinic is that 
a memory for a single event can be expressed in several ways, each of 
which is linked to a distinct neural representation. The depiction of 
memory editing in science fiction mainly highlights efforts to alter 
the conscious recollection of life events, which is known as episodic 
memory. However, a traumatic event—a car accident, for example—
produces multiple forms of memory expression. The victim will prob-
ably consciously recollect details such as where and how the accident 
happened. In addition, exposure to an accident cue (such as seeing 
the street corner where it occurred) may evoke momentary freezing 
and physiological arousal, or learned defensive responses. The person 
may also habitually avoid that corner. Finally, reminders of the acci-
dent may evoke negative subjective feelings. Although these different 
forms of memory for the same event (that is, episodic details, defensive 
responses, habitual actions and subjective feelings) may interact, each 
involves a distinct neural system for storage and expression. For this 
reason, targeting one type of memory representation for editing may 
or may not alter other forms of memory for the same event. This spec-
ificity can have advantages and disadvantages. For example, it might be 
advantageous to retain accurate conscious memory for the details of an 
event, but edit the associated negative feelings or defensive responses. 
Conversely, it could be problematic to retain defensive responses,  

1Department of Psychology, Harvard University, Cambridge, MA, USA. 2Nathan Kline Institute, Orangeburg, NY, USA. 3Department of Psychological and Brain Sciences, Boston University, Boston, 
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Windows	to	edit	(erase?)	memory REVIEW RESEARCH

readily available, researchers investigated whether acute administration 
of propranolol after a traumatic event could diminish the consolidation 
of the memory and the likelihood of developing post-traumatic stress 
disorder (PTSD). Although this treatment reduced some indications 
of physiological arousal when study participants later consciously rec-
ollected the traumatic event, there was no effect on the likelihood of 
developing symptoms of PTSD16.

Slightly more success was obtained in studies that examined whether 
glucocorticoids could be used to augment exposure therapy as a treat-
ment for phobia17 and PTSD18. Exposure therapy is based on the princi-
ples of extinction learning, in which repeated exposure to a threatening 
stimulus (or memory) with no aversive consequences results in the 
subject learning that this stimulus is now safe. Notably, extinction 
learning does not alter the strength of the original threat or trauma 
memory, but rather results in the formation of a new ‘safe’ memory 
that competes for expression with the threat memory19. Successful 
expression of extinction learning requires prefrontal inhibition of the 
amygdala to reduce the expression of the threat memory20. Because 
threat learning is generally strong and extinction learning is weaker, the 
threat memory can return even when extinction is initially successful, 
which may partially explain the relapse of clinical symptoms following 
exposure therapy21. In an effort to strengthen the consolidation of a safe 
memory, glucocorticoids were administered before exposure therapy. 
Clinical symptoms were reduced, relative to a placebo control group, 
up to six weeks later. However, glucocorticoids both impair retrieval 
of emotional memories and enhance consolidation of new learning, so 
it is unclear to what extent each mechanism accounts for the results. 
Administration of glucocorticoids after exposure therapy for PTSD, to 
target consolidation, produced a short-term benefit22.

Another way to enhance the initial consolidation of unique epi-
sodic memories is to influence their reactivation by external cues. 
Consolidation is thought to entail recurrent reactivations of the neu-
ronal ensemble that represents the memory. These reactivations gen-
erally occur outside of consciousness and are proposed to be important 
in the stabilization and integration of memories9. Targeted memory 
reactivation (TMR) alters the reactivation of memories to influence the 
strength of consolidation. Evidence in humans shows that presenting 
cues linked to a previously encoded event during periods of sleep or 
awake rest produces blood oxygenation level-dependent patterns of 
activity in the hippocampus that are consistent with the reactivation of 
neuronal memory, and also strengthens later episodic memory for these 
events23–25. Most studies of TMR assess memories for neutral events, 
but the effect of TMR during sleep may be stronger for emotional, 
arousing stimuli26.

A few studies have examined how TMR affects amygdala-mediated 
learned defensive responses in humans. These studies used a Pavlovian 
aversive conditioning procedure in which odours are paired with 
shock and as a result of this pairing elicit a defensive response. The 
odours are then presented again during sleep. In contrast to episodic  
memories—which are strengthened by TMR—presentation of these 
odours during sleep diminishes learned defensive responses27,28,  
possibly by promoting extinction learning. Given this, it is unclear 
whether TMR during sleep edits the original threat memory or  
produces a competing, safe memory.

Although TMR is typically used to strengthen episodic memory, a 
recent study demonstrated that it is also possible to use TMR to impair 
episodic memory by cueing study participants during sleep with a tone 
linked to an intention to forget29. This study combined TMR with 
another class of memory-editing techniques often called motivated or 
directed forgetting, which we will broadly term ‘memory control’. Such 
techniques use the intention to forget some events, or suppress their 
retrieval, to diminish later episodic memory. For example, in retrieval 
suppression, participants learn cue–target pairs and are then given the 
cues again with instructions to either retrieve or suppress retrieval of 
the target memory. In a subsequent test, episodic memory is worse 
for suppressed targets than for baseline targets. The amount of forget-
ting increases with the number of times a memory was suppressed, 
indicating that unwanted memories are cumulatively inhibited or 
forgotten over repeated suppressions30. Individual variability on this 
task is related to affective traits; poor performance is linked to PTSD, 
higher trait anxiety, more rumination and greater memory intrusions 
after viewing a disturbing film clip30. In addition, healthy individuals 
with a history of trauma are more successful in retrieval-suppression 
tasks than those with little or no trauma exposure—perhaps because 
the individuals who were exposed to trauma had developed skills in 
memory suppression31.

Neuroimaging studies of memory control show that these techniques 
engage prefrontal brain circuits that are typical of effortful control, 
which might underlie inhibition or suppression30. These studies also 
show reduced blood oxygenation level-dependent activity in the hip-
pocampus and changes in a hippocampal marker of the neurotrans-
mitter GABA (γ-aminobutyric acid), which indicates GABAergic 
inhibition of hippocampal retrieval processes32. These findings are con-
sistent with inhibition of hippocampal consolidation, which may pro-
mote forgetting and editing of memory strength. Current approaches 
in humans cannot fully discern whether techniques of memory control 
promote forgetting or the repression of conscious memory expression 
without editing. Supporting the view that the memory is edited, how-
ever, non-conscious access to it is also impaired after memory control33.

A final technique to modulate episodic memory consolidation is 
behavioural tagging, which is based on the premise of synaptic tag-
and-capture models in which memories that are initially weak are 
strengthened by the engagement of common neural pathways minutes 
to hours later34. In humans, if after a stimulus is encoded, conceptually 
related stimuli are subsequently made relevant by pairing with shock35 
or monetary reward36, later memory for the initially encoded stimulus 
is enhanced relative to conceptually unrelated stimuli that were learned 
at the same time. So far, evidence for behavioural tagging is sparse in 
humans, and research on its neurobiological underpinnings is limited 
to animal models34,37.

The memory-editing techniques that alter consolidation show that 
there are many potential ways to enhance the strength of a unique 
memory and a few ways to weaken it. One limitation of these tech-
niques for clinical use is that consolidation is time-restricted to soon 
after initial learning9. Precisely how long episodic memory con-
solidation continues in humans is unclear, but the time window for 
successful application of some approaches (neurohormonal arousal, 
behavioural tagging) is limited to minutes to hours after encoding. 
Other approaches (TMR, memory control) may have a slightly longer 
time window, but have not been tested beyond a few days. However, 
people do not usually seek help until long after a distressing event 
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Disrupting	reconsolidation	in	humans

NATURE NEUROSCIENCE VOLUME 17 | NUMBER 2 | FEBRUARY 2014 205

B R I E F  COM M U N I C AT I O N S

by memory reactivation in the same context in which the study and 
testing occurred. Furthermore, human psychological studies12 have 
shown that reminder cues presented in a context different to that of 
encoding may fail to engage memory reactivation processes. Thus, the 
fact that we observed reconsolidation impairment in group A, despite 
a change of room, may highlight the strength of the hospital context 
for allowing memory reactivation and of ECT to disturb reconsolida-
tion. In addition, the identical context of groups A and B suggests that 
the impairment observed in group A, but not B, cannot be reasonably 
explained by a switch in context.

Notably, memory performance for the non-reactivated story was 
not substantially modulated by ECT or the time interval between 
ECT and test. To further examine the interaction effect of group × 
reactivation present in the ANOVA comparing all three groups, we 
specifically tested whether this effect is driven by memory for reacti-
vated or non-reactivated stories. There were no substantial between- 
group differences in memory for non-reactivated stories, but we did 
observe an effect for reactivated stories (Table 1). The fact that group 
C showed better memory for reactivated material in the absence of 
ECT supports similar findings in animals13 . The observed between-
group differences in reactivated memories 
were not a result of differences in the strength 
of memory reactivation, general cognitive 
functioning or transient differences in cogni-
tive or clinical status (Supplementary Fig. 4 
and Supplementary Table 1).

In summary, we found that a single ECT 
application in unipolar-depressed patients fol-
lowing memory reactivation disrupted reacti-
vated, but not non-reactivated, memory for an 
emotional episode. In addition, we found that 
this effect was time dependent, expressed only 
after a 24-h period. In the absence of ECT, 
reactivation of memory actually benefited 
memory performance after 24 h. The effects 
that we observed are therefore not a result of 
an unspecific effect of time or reactivation. 
Our data provide evidence for a disruption 
of reactivated emotional episodic memories 
by invasive interference with normal neural 

activity. First, our results satisfy critical criteria for demonstrating 
reconsolidation in humans that have been difficult to meet by other 
methods. Second, the memory impairment and enhancement follow-
ing reactivation cannot be a result of new learning, and thereby be 
confounded by possible interference at the time of retrieval. Third, we 
observed a loss of emotional episodic memory following reactivation, 
extending findings on simple associative fear memories7,8 . Episodic 
memory can contribute to the persistence of emotional responses14; 
thus, the ability to disturb reconsolidation of emotional episodic mem-
ory may be of great clinical importance. Most non-human animal 
studies have focused on emotional memories15 ,16 , and it has been sug-
gested that reactivated emotional memories may be specifically sensi-
tive to disruption7,8 ,17. Our study design was necessarily restricted, 
given the limited time with patients and patient numbers. We therefore 
elected to study memory for emotional stories only; however, given 
that previous human studies toward reconsolidation have more often 
investigated neutral memories7–9 ,12, we see no reason to suggest that 
our results are limited to either emotional or neutral memory alone 
(Supplementary Fig. 5). By circumventing the difficulties previously 
facing human reconsolidation studies, our results bridge a cross-spe-
cies gap between human and non-human research and provide critical 
support to previous human studies on reconsolidation7,8 .

Our findings are consistent with early studies of non-human ani-
mals and psychiatric patients that show a disruption of reactivated 
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Group A Group B Group C Figure 1 ECT disrupts reconsolidation. Memory scores on the multiple choice 
test are expressed as percentage correct (y axis). One day after reactivation 
and ECT, memory for the reactivated story (solid bars) was not different from 
chance (group A) and was impaired compared with the non-reactivated story 
(open bars). Notably, consistent with reconsolidation being a time-dependent 
process, testing memory immediately after ECT revealed no difference in 
recognition scores for the reactivated story compared with the non-reactivated 
story (group B). Furthermore, in the absence of ECT (group C) memory for 
the reactivated story was enhanced relative to the non-reactivated story. The 
dotted line indicates chance level (25%) and error bars represent s.e.m. 
Scores (%) for each story per group: group A (n = 13 subjects) reactivated 
mean = 25.35, s.e.m. = 1.57; non-reactivated mean = 33.83, s.e.m. = 3.36; 
group B (n = 13 subjects) reactivated mean = 33.34, s.e.m. = 2.61;  
non-reactivated mean = 33.31, s.e.m. = 3.11; group C (n = 13 subjects) 
reactivated mean = 48.90, s.e.m. = 4.64; non-reactivated mean = 39.55, 
s.e.m. = 3.50. ** significant group × reactivation effect (P < 0.001), 
*significant effect (P = 0.012, P = 0.001), n.s. = non-significant (P = 0.994); 
circles represent individual data points. 

Table 1 Statistical results multiple-choice test 
Test: Group Reactivation Reactivation × Group

Groups A, B and Ca F2,36 = 6.50  
P = 0.004

F1,36 = 0.04  
P = 0.847

F2,36 = 11.18  
P < 0.001

Groups A and B onlya F1,24 = 1.28  
P = 0.270

F1,24 = 4.24  
P = 0.050

F1,24 = 4.29  
P = 0.049

Test: Group A versus Bc B versus Cc A versus Cc

Non-reactivated storyb F2,38 = 1.08  
P = 0.350

P = 0.993 P = 0.392 P = 0.477

Reactivated storyb F2,38 = 13.94  
P < 0.001

P = 0.042 P = 0.023 P = 0.001

Test: Group A Group B Group C

Reactivated story versus non-reactivated 
storyd

t12 = –2.96  
P = 0.012

t12 = 0.01  
P = 0.994

t12 = 4.41  
P = 0.001

Reactivated story compared with chancee t12 = 0.23  
P = 0.825

Statistical test results. For ANOVAs, the assumption of normality was assessed with by Kolmogorov-Smirnov tests and 
sphericity by Mauchly’s test. Greenhouse-Geisser corrections were applied if applicable. All t tests used are two-sided, 
and post hoc tests were corrected for multiple comparisons according to Fisher’s least significant difference method.
aGroup × reactivation (reactivated story, non-reactivated story) repeated-measures ANOVA. bOne-way ANOVA.  
cPost hoc pair-wise comparisons. dPaired t tests. eOne-sample t test.

! Patients	underwent	ECT	for	
monopolar	depression	

! ECT	delivered	after	reactivation	
of	an	emotional	story	learned	1	
week	earlier

Kroes et al. (20014). Nature Neuroscience
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investigators. These principles provide a valuable guide 
to modelling anxiety and depression or endophenotypes 
of these disorders in the mouse.

Mouse models of depression
Stress, coping and learned helplessness. Exposure to 
trauma and stress has been shown to be one of the 
main predisposing factors to major depression and 
the disease is often viewed as a manifestation of an ina-
bility to cope with stress49–51. Therefore, many models 
and tests for assessing depression-related behaviour in 
rodents involve exposure to stressful situations. Of these 
experimental procedures, the forced swim test (FST) 
(also known as Porsolt’s test; a behavioural despair 
test) is probably the most widely and most frequently 
used16,30,52–54 (FIG. 2). The FST is based on the observa-
tion that rodents placed in an enclosed (inescapable) 
cylinder filled with tepid water will initially engage in 
vigorous escape-orientated movements, but then within 
minutes will exhibit increasing bouts of immobility. A 
related but not synonymous task is the tail suspen-
sion test (TST), in which mice hung upside-down by 
their tail also exhibit passive immobility after minutes 
of futile struggling, which emerged in the mid-1980s 
REF. 55; FIG. 3. Key to the validity of the FST and TST as 
models of depression is the finding that administration 
of various classes of clinically effective antidepressant 
treatments (pharmacological and non-pharmaco-
logical) before either test causes mice to actively and 
persistently engage in escape-directed behaviours 
for longer periods of time than after vehicle treat-
ment. So, the FST and TST have gained enormous 
popularity as rapid screening assays for novel anti-
depressants55,56. Of further interest, the tests have been 
shown to be sensitive to various factors that influence or 

are altered by depression in humans, including genetic 
predisposition, previous exposure to stress, changes in 
food intake, alterations in sleep architecture and drug-
withdrawal-induced anhedonia55,56. On this basis, these 
tests are also frequently used as phenotypic screens for 
depression-related behaviours in mutant mice, with 
decreases in basal immobility (relative to non-mutant, 
‘wild-type’ control mice) interpreted as an antidepres-
sant-like phenotype and, conversely, increased immo-
bility taken as evidence of increased depression-related 
behaviour in the mutant16,57.

Despite their appeal, reasonable concerns have 
emerged about the validity of the FST and TST as 
models of depression. For example, the FST and TST 
are sensitive to acute antidepressant administration, 
whereas chronic treatment is required for full clinical 
efficacy, suggesting that they might not be tapping 
into the same long-term adaptive changes in neuro-
nal circuitry that underlie antidepressant effects in 
humans. That said, several recent studies have shown 
effects of antidepressants in these tests after chronic 
treatment at much lower doses than those needed to 
induce effects after short-term treatment56,58. Another 
much-discussed issue is the precise meaning of immo-
bility behaviour and its relevance to depression (see 
REFS 16,56 for extensive analysis). In this context, it is 
important to note that immobility in these tests seems 
to be the result of an inability or reluctance to maintain 
effort rather than a generalized hypoactivity. This in 
itself provides an interesting correlate with clinical 
observations that depressed patients show pronounced 
psychomotor impairments, particularly in those tests 
requiring sustained expenditure of effort59.

The idea of stressor uncontrollability and pas-
sive versus active coping responses to stress provides 
the conceptual basis of several other rodent tests for 
depression. The learned helplessness model originates 
from the observation that dogs repeatedly exposed to 
electric shocks that were both inescapable and uncon-
trollable subsequently failed to flee the shocks even 
when offered a means of escape60. In the rat, which 
until now has been used for most of the helpless-
ness tests carried out in rodents, escape deficits have 
been found to be reversible by antidepressants61. On 
the down side, only a certain percentage of animals 
develop helplessness behaviour61,62 and, in those that 
do, behavioural deficits only persist for 2–3 days61. 
Interestingly, although the model was adapted for use 
in the mouse by Anisman and colleagues in the late 
1970s, there has been a paucity of studies applying it 
to genetically modified mice62,63.

Another model based on exposure to repeated but 
unpredictable stressors is the chronic mild stress (CMS) 
model, the use of which in rats was championed by 
Willner and colleagues64. This model involves repeated 
exposure to relatively moderate stressors, such as wet 
bedding, constant lighting and food deprivation. The 
CMS procedure induces various long-term behavioural, 
neurochemical, neuroimmune and neuroendocrine 
alterations that resemble those observed in depressed 
patients, which are reversed only by chronic, but not 

Figure 1 | The human brain and the mouse brain. As well as having a mass of about 2,700 
times greater than that of the mouse brain (right), it is the convoluted folds of an extensive 
cerebral cortex that distinguish the human brain (left) from the brains of lower species, such as 
the mouse. The potential functional significance of these species differences to emotional 
regulation and the implications for modelling emotional states in mice is yet to be fully under -
stood. However, it is clear that many brain structures involved in limbic regulation of emotion, 
such as the hippocampus and amygdala, are evolutionarily conserved from mouse to man.  
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Optogenetic stimulation of a hippocampal engram
activates fear memory recall
Xu Liu1*, Steve Ramirez1*, Petti T. Pang1, Corey B. Puryear1, Arvind Govindarajan1, Karl Deisseroth2 & Susumu Tonegawa1

A specific memory is thought to be encoded by a sparse population of
neurons1,2. These neurons can be tagged during learning for sub-
sequent identification3 and manipulation4–6. Moreover, their ablation
or inactivation results in reduced memory expression, suggesting
their necessity in mnemonic processes. However, the question of suf-
ficiency remains: it is unclear whether it is possible to elicit the beha-
vioural output of a specific memory by directly activating a
population of neurons that was active during learning. Here we show
in mice that optogenetic reactivation of hippocampal neurons acti-
vated during fear conditioning is sufficient to induce freezing beha-
viour. We labelled a population of hippocampal dentate gyrus
neurons activated during fear learning with channelrhodopsin-2
(ChR2)7,8 and later optically reactivated these neurons in a different
context. The mice showed increased freezing only upon light stimu-
lation, indicating light-induced fear memory recall. This freezing was
not detected in non-fear-conditioned mice expressing ChR2 in a
similar proportion of cells, nor in fear-conditioned mice with cells
labelled by enhanced yellow fluorescent protein instead of ChR2.
Finally, activation of cells labelled in a context not associated with
fear did not evoke freezing in mice that were previously fear-
conditioned in a different context, suggesting that light-induced fear
memory recall is context-specific. Together, our findings indicate that
activating a sparse but specific ensemble of hippocampal neurons that
contribute to a memory engram is sufficient for the recall of that
memory. Moreover, our experimental approach offers a general
method of mapping cellular populations bearing memory engrams.

An important question in neuroscience is how a distinct memory is
formed and stored in the brain. Recent studies indicate that defined
populations of neurons correspond to a specific memory trace1, sug-
gesting a cellular correlate of a memory engram. Selective ablation or
inhibition of such neuronal populations erased the fear memory res-
ponse5,6, indicating that these cells are necessary for fear memory
expression. However, to prove that a cell population is the cellular
basis of a specific fear memory engram it is necessary to conduct a
mimicry experiment to show that direct activation of such a popu-
lation is sufficient for inducing the associated behavioural output9,10.

The hippocampus is thought to be critical in the formation of the
contextual component of fear memories11–14. Modelling15 and experi-
mental16,17 studies have demonstrated an essential role of the dentate
gyrus (DG) of the hippocampus in discriminating between similar
contexts. Cellular studies of immediate early gene expression showed
that sparse populations of DG granule cells (2–4%) are activated in a
given context18. Moreover, although the same population of DG
granule cells is activated repeatedly in the same environment, different
environments19 or different tasks20 activate different populations of
DG granule cells. These lines of evidence point to the DG as an ideal
target for the formation of contextual memory engrams that represent
discrete environments.

To label and reactivate a subpopulation of DG cells active during the
encoding of a memory, we targeted the DG of c-fos-tTA transgenic

mice3 with the AAV9-TRE-ChR2-EYFP virus and an optical fibre
implant (Fig. 1a). This approach directly couples the promoter of
c-fos, an immediate early gene often used as a marker of recent neuronal
activity21, to the tetracycline transactivator (tTA), a key component of
the doxycycline (Dox) system for inducible expression of a gene of
interest22. In our system, the presence of Dox inhibits c-fos-promoter-
driven tTA from binding to its target tetracycline-responsive element
(TRE) site, which in turn prevents it from driving ChR2–EYFP
(enhanced yellow fluorescent protein) expression. In the absence of
Dox, training-induced neuronal activity selectively labels active
c-Fos-expressing DG neurons with ChR2–EYFP, which can then be
reactivated by light stimulation during testing (Fig. 1b, c). We con-
firmed that our manipulation restricts the expression of ChR2–EYFP
largely to the DG area of the hippocampus (Fig. 1d–g).

*These authors contributed equally to this work.

1RIKEN-MIT Center for Neural Circuit Genetics at the Picower Institute for Learning and Memory, Department of Biology and Department of Brain and Cognitive Sciences, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, USA. 2Department of Bioengineering and Department of Psychiatry and Behavioral Sciences, Stanford University, Stanford, California 94305, USA.
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Figure 1 | Basic experimental protocols and selective labelling of DG cells by
ChR2–EYFP. a, The c-fos-tTA mouse was injected with AAV9-TRE-ChR2-
EYFP and implanted with an optical fibre targeting the DG. b, When off Dox,
training induces the expression of tTA, which binds to TRE and drives the
expression of ChR2–EYFP, labelling a subpopulation of activated cells (yellow)
in the DG. c, Basic experimental scheme. Mice were habituated in context A
with light stimulation while on Dox for 5 days, then taken off Dox for 2 days and
fear-conditioned (FC) in context B. Mice were put back on Dox and tested for 5
days in context A with light stimulation. d, Representative image showing the
expression of ChR2–EYFP in a mouse that was taken off Dox for 2 days and
underwent FC training. e–g, An image of each rectangular area in d is
magnified, showing the DG (e), CA1 (f) and CA3 (g). The green signal from
ChR2–EYFP in the DG spreads throughout entire granule cells, including
dendrites (e), whereas the green signal confined to the nuclei in CA1 and CA3 is
due to a 2-h half-life EGFP (shEGFP) expression from the c-fos-shEGFP
construct of the transgenic mouse (f, g). Blue is nuclear marker 49,6-diamidino-
2-phenylindole (DAPI). Panel d is at 310 magnification and panels e–g are at
350 magnification.
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not associated with FC does not induce freezing. Yet another group of
mice (EYFP) were injected with AAV9-TRE-EYFP and underwent
identical habituation, training, and testing sessions as the Exp group.
The proportion of cells expressing EYFP was comparable to that seen
in the Exp group expressing ChR2–EYFP (Supplementary Fig. 7).
However, the EYFP group did not show increased post-training freez-
ing (Fig. 3c). This result rules out the possibility that increased freezing
in the Exp group was due to any non-specific effects of post-training
optical stimulation.

The light-induced freezing levels of the Exp group were relatively
low (,15%) compared with those typically reported from exposure to
a conditioned context (,60%)3. One possibility is that light activation
of background-activity-induced ChR2–EYFP (Fig. 2b) interfered with
the expression of the specific fear memory. We confirmed that limiting
the off-Dox period from 2 days to 1 day reduced the background
expression of ChR2–EYFP by at least twofold (compare Sup-
plementary Fig. 8a home cage with Fig. 2h home cage). A group of
mice (Exp-1day) that went through the same design outlined in Fig. 1c
but with this modification showed greater freezing levels (,25%)
during the light-on epoch of test sessions compared to the Exp group
(Fig. 3d, f). Another possible factor contributing to the modest light-
induced freezing in the Exp group may be the limited number of cells
optically stimulated. To test this possibility, we bilaterally injected a
group of mice (Exp-Bi) with AAV9-TRE-ChR2-EYFP and bilaterally
implanted optical fibres targeting the DG, and then subjected these
mice to the same scheme as that shown in Fig. 1c. During the light-on
epochs of the test sessions, the Exp-Bi group exhibited levels of freezing
(,35%) that were almost as high as those induced by the conditioned
context (Fig. 3e, f, Supplementary Fig. 9 and Supplementary Movies).

We next examined whether the light-induced fear memory recall was
context-specific. First, to test whether two different contexts activate

similar or distinct populations of DG cells, we took the mice off Dox
for 2 days and then exposed them to a novel context (context C, an
open field) to label the active DG cells with ChR2–EYFP. After being
put back on Dox, the mice were fear-conditioned in a different context
(context B) and killed 1.5 h later (Fig. 4a). The expression of ChR2–
EYFP was used to identify cells previously activated in context C
whereas endogenous c-Fos was used to identify cells recently activated
in context B. Immunohistochemical analyses revealed a chance level of
overlap between ChR2–EYFP-positive and c-Fos-positive cells, sug-
gesting that two independent DG cell populations were recruited for
the representation of the two distinct contexts (Fig. 4b–g). To test the
context specificity of light-induced recall of a fear memory, we sub-
jected a new group of mice (an open field fear-conditioned group; OF-
FC) to habituation sessions in context A, followed by 2 days off Dox
and exposure to context C to label neurons active in context C with
ChR2–EYFP. Next, we put the mice back on Dox and performed FC in
context B (Fig. 4h). These mice were then placed back in context A and
tested for light-induced freezing. Light failed to evoke an increase in
freezing responses (Fig. 4i). Similarly low levels of freezing were
observed in another group of mice (FC-OF) in which FC in context
B while on Dox preceded exposure to context C while off Dox
(Supplementary Fig. 10). Together, these results indicate that light
reactivation of cells labelled in context C did not induce fear memory
recall associated with context B.
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Figure 4 | Labelling and stimulation of independent DG cell populations.
a, c-fos-tTA mice injected with AAV9-TRE-ChR2-EYFP were taken off Dox
and exposed to context C to label activated cells with ChR2–EYFP (yellow),
then put back on Dox and trained with FC in context B to activate endogenous
c-Fos (red). b–e, Representative images of DG from these mice are shown.
b, ChR2–EYFP-labelled cells activated in context C. c, c-Fos-labelled cells
activated in context B. d, Nuclear marker DAPI. e, Merge. The white and red
circles show examples of ChR2–EYFP-positive and c-Fos-positive cells,
respectively. The c-Fos-positive cells in e appear yellow because they express
both endogenous c-Fos (red) and the nuclear-localized c-fos-shEGFP (green)
(see Fig. 1 legend). f, Percentage of ChR2–EYFP-positive, endogenous c-Fos-
positive, and double-positive cells among total cells (DAPI1) (n 5 5). g, The
observed percentage of double-positive cells is the same as what would be
expected if the two cell populations were independent (that is, a product of the
observed percentage of ChR2–EYFP single-positive and c-Fos single-positive
cells). h, Behaviour setup for mice exposed to an open field in context C while
off Dox and subsequently fear-conditioned in context B while on Dox (OF-FC).
i, OF-FC mice (n 5 5) do not show increased light-induced freezing. N.S., not
significant. Panels b–e are at 380 magnification. Scale bar in b, 10mm. Error
bars show mean 6 s.e.m.
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Figure 3 | Optical stimulation of engram-bearing cells induces post-
training freezing. a, c-fos-tTA mice injected with AAV9-TRE-ChR2-EYFP
and trained with FC (Exp group) showed increased freezing during 3-min light-
on epochs. Freezing for each epoch represents 5-day average (Supplementary
Fig. 5a, g). Freezing levels for the two light-off and light-on epochs are further
averaged in the inset (n 5 12, F1,22 5 37.98, ***P , 0.001). b, Mice trained
similarly to the conditions in a but without foot shock (NS group) did not show
increased light-induced freezing (n 5 12). N.S., not significant. c, Mice injected
with AAV9-TRE-EYFP and trained with FC (EYFP group) did not show
increased light-induced freezing (n 5 12). d, Mice trained similarly to the
conditions in a but kept off Dox for 1 day before FC training (Exp-1day group)
showed greater freezing during test light-on epochs compared to Exp group
(n 5 5, F1,8 5 38.26, ***P , 0.001). e, Mice trained similarly to the conditions
in a but bilaterally injected with AAV9-TRE-ChR2-EYFP and implanted with
optical fibres (Exp-Bi group) showed even higher levels of freezing during test
light-on epochs (n 5 6, F1,10 5 85.14, ***P , 0.001). f, Summary of freezing
levels of the five groups during test light-on epochs (F4,42 5 37.62, *P , 0.05;
***P , 0.001). Error bars show mean 6 s.e.m.
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Optogenetic stimulation of a hippocampal engram
activates fear memory recall
Xu Liu1*, Steve Ramirez1*, Petti T. Pang1, Corey B. Puryear1, Arvind Govindarajan1, Karl Deisseroth2 & Susumu Tonegawa1

A specific memory is thought to be encoded by a sparse population of
neurons1,2. These neurons can be tagged during learning for sub-
sequent identification3 and manipulation4–6. Moreover, their ablation
or inactivation results in reduced memory expression, suggesting
their necessity in mnemonic processes. However, the question of suf-
ficiency remains: it is unclear whether it is possible to elicit the beha-
vioural output of a specific memory by directly activating a
population of neurons that was active during learning. Here we show
in mice that optogenetic reactivation of hippocampal neurons acti-
vated during fear conditioning is sufficient to induce freezing beha-
viour. We labelled a population of hippocampal dentate gyrus
neurons activated during fear learning with channelrhodopsin-2
(ChR2)7,8 and later optically reactivated these neurons in a different
context. The mice showed increased freezing only upon light stimu-
lation, indicating light-induced fear memory recall. This freezing was
not detected in non-fear-conditioned mice expressing ChR2 in a
similar proportion of cells, nor in fear-conditioned mice with cells
labelled by enhanced yellow fluorescent protein instead of ChR2.
Finally, activation of cells labelled in a context not associated with
fear did not evoke freezing in mice that were previously fear-
conditioned in a different context, suggesting that light-induced fear
memory recall is context-specific. Together, our findings indicate that
activating a sparse but specific ensemble of hippocampal neurons that
contribute to a memory engram is sufficient for the recall of that
memory. Moreover, our experimental approach offers a general
method of mapping cellular populations bearing memory engrams.

An important question in neuroscience is how a distinct memory is
formed and stored in the brain. Recent studies indicate that defined
populations of neurons correspond to a specific memory trace1, sug-
gesting a cellular correlate of a memory engram. Selective ablation or
inhibition of such neuronal populations erased the fear memory res-
ponse5,6, indicating that these cells are necessary for fear memory
expression. However, to prove that a cell population is the cellular
basis of a specific fear memory engram it is necessary to conduct a
mimicry experiment to show that direct activation of such a popu-
lation is sufficient for inducing the associated behavioural output9,10.

The hippocampus is thought to be critical in the formation of the
contextual component of fear memories11–14. Modelling15 and experi-
mental16,17 studies have demonstrated an essential role of the dentate
gyrus (DG) of the hippocampus in discriminating between similar
contexts. Cellular studies of immediate early gene expression showed
that sparse populations of DG granule cells (2–4%) are activated in a
given context18. Moreover, although the same population of DG
granule cells is activated repeatedly in the same environment, different
environments19 or different tasks20 activate different populations of
DG granule cells. These lines of evidence point to the DG as an ideal
target for the formation of contextual memory engrams that represent
discrete environments.

To label and reactivate a subpopulation of DG cells active during the
encoding of a memory, we targeted the DG of c-fos-tTA transgenic

mice3 with the AAV9-TRE-ChR2-EYFP virus and an optical fibre
implant (Fig. 1a). This approach directly couples the promoter of
c-fos, an immediate early gene often used as a marker of recent neuronal
activity21, to the tetracycline transactivator (tTA), a key component of
the doxycycline (Dox) system for inducible expression of a gene of
interest22. In our system, the presence of Dox inhibits c-fos-promoter-
driven tTA from binding to its target tetracycline-responsive element
(TRE) site, which in turn prevents it from driving ChR2–EYFP
(enhanced yellow fluorescent protein) expression. In the absence of
Dox, training-induced neuronal activity selectively labels active
c-Fos-expressing DG neurons with ChR2–EYFP, which can then be
reactivated by light stimulation during testing (Fig. 1b, c). We con-
firmed that our manipulation restricts the expression of ChR2–EYFP
largely to the DG area of the hippocampus (Fig. 1d–g).

*These authors contributed equally to this work.
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Figure 1 | Basic experimental protocols and selective labelling of DG cells by
ChR2–EYFP. a, The c-fos-tTA mouse was injected with AAV9-TRE-ChR2-
EYFP and implanted with an optical fibre targeting the DG. b, When off Dox,
training induces the expression of tTA, which binds to TRE and drives the
expression of ChR2–EYFP, labelling a subpopulation of activated cells (yellow)
in the DG. c, Basic experimental scheme. Mice were habituated in context A
with light stimulation while on Dox for 5 days, then taken off Dox for 2 days and
fear-conditioned (FC) in context B. Mice were put back on Dox and tested for 5
days in context A with light stimulation. d, Representative image showing the
expression of ChR2–EYFP in a mouse that was taken off Dox for 2 days and
underwent FC training. e–g, An image of each rectangular area in d is
magnified, showing the DG (e), CA1 (f) and CA3 (g). The green signal from
ChR2–EYFP in the DG spreads throughout entire granule cells, including
dendrites (e), whereas the green signal confined to the nuclei in CA1 and CA3 is
due to a 2-h half-life EGFP (shEGFP) expression from the c-fos-shEGFP
construct of the transgenic mouse (f, g). Blue is nuclear marker 49,6-diamidino-
2-phenylindole (DAPI). Panel d is at 310 magnification and panels e–g are at
350 magnification.
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Capturing	engrams

! Activity-dependent	tagging	typically	
performed	during	learning	

! Includes	both	sensory	representations	
of	context	and	shock	and	associations	
between	the	two	

! Can	memories	be	captured	during	
retrieval?



Capturing	memories	during	retrieval

! Normal	memory	recollection	driven	
by	retrieval	cues	

! Clinical	therapies	use	retrieval	cues	
(“imaginal	exposure”)	to	reactivate	
remote	traumatic	memories		

! Can	fear	memories	be	retrieved	and	
captured	with	“imaginal”cues?



“Covert	capture”	of	a	fear	memory

Viral plasmids provided by D. Roy and S. Tonegawa

! Capture	hippocampal	neurons	
activated	by	“imaginal”	fear	
memory	retrieval	

! Re-activate	neurons	with	a	
systemic	drug	(CNO)	

! Does	activating	captured	
neurons	cause	fear?

Ressler and Maren, unpub.



Backward	fear	conditioning

US

CS

Fear	to	CS	without	
CS->US	association



Backward	fear	conditioning:		mediation	by	
context

CS US CR

Context



Context	extinction	reduces	
freezing	to	a	backward	CS

Goode, Ressler and Maren, unpub.
Context A Context A Context B



Capture	and	reactivation	of	a	fear	memory

Ressler and Maren, unpub.

Conditioning 

Ctx A

Exposure

Ctx B

Backward (BW)

CS (10 s)US (2 s)

or
Ctx B Ctx B

Covert Capture 

Ctx C

Reactivation 

ON DOX

Surg
ery

Cov
ert

 Cap
tur

e

Exp
os

ure

Con
dit

ion
ing

Rea
ctiv

ati
on

5 days 2 Weeks 24 h 48 h 24 h

ON DOX OFF DOX

HISTO HERE?

CNO 
or SAL

0
10
20
30
40
50
60
70
80
90

100

Ret-CNORet-VEH BL 1 2 3 4

NoRet-CNO

Ret-VEH
Ret-CNO

BL 1 2 3 4 5 1 5 10 15 20

Exposure Conditioning Covert Capture Reactivation Summary

NoRet-CNO Ret-CNO NoRet-CNO

3-Trial Blocks Trials Minutes

Fr
ee

zi
ng

 (%
)

Ve
h 

or
 C

N
O

Ret-VEH

* *

0
10
20
30
40
50
60
70
80
90

100

Ret-CNORet-VEH BL 1 2 3 4

NoRet-CNO

Ret-VEH
Ret-CNO

BL 1 2 3 4 5 1 5 10 15 20

Exposure Conditioning Covert Capture Reactivation Summary

NoRet-CNO Ret-CNO NoRet-CNO

3-Trial Blocks Trials Minutes

Fr
ee

zi
ng

 (%
)

Ve
h 

or
 C

N
O

Ret-VEH

* *



Rapamycin	impairs	reconsolidation

Ressler, Goode and Maren, unpub.
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! Manipulations	that	cause	amnesia	often	
induce	retrieval	failure,	not	true	erasure	
• “Forgotten,	but	not	gone”	
• Prior	work	has	not	demonstrated	that	memory	loss	is	

complete	or	permanent	(savings?)	

! Memory	is	highly	associative,	can	a	memory	
truly	be	“selectively”	erased?	

! Is	memory	erasure	ethical?			
• What	are	we	(as	individuals	or	as	a	culture)	without	

memories	of	the	past,	good	or	bad?

Cautions,	caveats,	and	questions



! Exposure	therapy	does	not	erase	traumatic	
memories	(relapse)	

! Retrieved/reactivated	memories	are	susceptible	
to	disruption	

! Modern	tools	allow	selective	targeting	and	
manipulation	of	engrams	(neural	
representations	of	memory)	

! Translation	to	clinic	must	proceed	with	cautions	
and	caveats	in	mind

Conclusions



Thanks!
Current:		
Annalise	Binette	
Laila	Dayani	
Michael	Totty	
Olivia	Miles	
Jianfeng	Liu	
Cecily	Oleksiak	
Karthik	Ramanathan	
Reed	Ressler	

Past:	
Jingji	Jin	
Tom	Giustino	
Travis	Goode	
Paul	Fitzgerald	
Martin	Payne	
Angie	Wang

Collaborators:		Susumu	Tonegawa	and	Dheeraj	Roy	(MIT)


