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SUMMARY

Memory is thought to be stored in the brain as
an ensemble of cells activated during learning.
Although optical stimulation of a cell ensemble trig-
gers the retrieval of the corresponding memory, it is
unclear how the association of information occurs at
the cell ensemble level. Using optogenetic stimula-
tion without any sensory input in mice, we found
that an artificial association between stored, non-
related contextual, and fear information was gener-
ated through the synchronous activation of distinct
cell ensembles corresponding to the stored informa-
tion. This artificial association shared characteristics
with physiologically associated memories, such as
N-methyl-D-aspartate receptor activity and protein
synthesis dependence. These findings suggest
that the association of information is achieved
through the synchronous activity of distinct cell
ensembles. This mechanism may underlie memory
updating by incorporating novel information into
pre-existing networks to form qualitatively new
memories.

INTRODUCTION

It is unclear how distinct units of information become associ-

ated in the brain. Recent studies reveal that subpopulations

of neurons activated during initial learning are reactivated

during retrieval (Deng et al., 2013; Guzowski et al., 1999;

Ramirez et al., 2013; Reijmers et al., 2007; Tayler et al., 2013)

and that reactivation of the selected neuronal ensemble is

required and sufficient to retrieve that memory (Han et al.,

2009; Liu et al., 2012; Rogerson et al., 2014; Silva et al.,

2009). These findings indicate that information relating to

an experience is encoded in a specific cell ensemble that

is selected and activated during a corresponding event.
Neurons showing relatively higher activity during an event are

preferentially recruited to join an ensemble (Han et al., 2007,

2009; Rogerson et al., 2014; Silva et al., 2009; Zhou et al.,

2009).

Although our knowledge of memory acquisition and retrieval

is accumulating, little is known about the mechanisms underly-

ing the association between individual units of information

within separate neuronal ensembles. This is of interest because

the association of a previously formed memory with information

from a present event is thought to underlie memory updating

(Debiec et al., 2006; Nader and Hardt, 2009; Tronel et al.,

2005) and is suggested to be involved in post-traumatic stress

disorder (Dolcos, 2013). Recent studies showed that acquisi-

tion of a new memory can be modified by the simultaneous

and artificial reactivation of a specific neuronal ensemble corre-

sponding to that pre-stored memory, thereby generating false

or synthetic memories (Garner et al., 2012; Ramirez et al.,

2013).

Coincident activation of neurons results in a strengthening

in synaptic efficacy between those neurons (Caporale and

Dan, 2008; Fell and Axmacher, 2011; Hebb, 1949). These

sets of neurons become wired together through enhanced

synaptic efficacy. This mechanism is thought to underlie the

generation of a neuronal ensemble that encodes a particular

memory.

The simultaneous retrieval of two distinct units of information

stored in the brain can link the original information to create

an association. We hypothesized that the coincident firing of

two neuronal ensembles corresponding to two distinct memory

episodes that were previously stored independently in the

brain generates a strong link between these two neuronal en-

sembles, as co-activated cells become wired together by

enhanced synaptic efficacy, leading to an association between

two originally independent memories. Here, we show that

synchronous reactivation achieved by artificial optical stimula-

tion of neuronal ensembles corresponding to two distinct

memory episodes is capable of generating an artificial link

between these memory episodes, strongly supporting our

hypothesis.
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Figure 1. Cell Ensembles Corresponding to

the Pre-exposedContext and the Immediate

Shock in Hippocampal CA1 Region and the

Basolateral Amygdala

(A) Context pre-exposure and IS paradigm. The

graph shows the freezing levels during the test

session in the unpaired (n = 8) and paired (n = 14)

groups (**p < 0.002, Welch’s t test, two tailed). The

timing of cell compartment analysis of temporal

activity using fluorescence in situ hybridization

(catFISH) sampling is indicated with a red dashed

line.

(B–G) Detection of cells activated during context

pre-exposure and IS. (B and E) Representative

z-stack images of arc catFISH signals captured in

slices taken from the CA1 (B) and the BLA (E) of

unpaired and paired mice. The arc RNA signal and

DAPI nuclear staining are shown in green and blue,

respectively. Scale bar, 50 mm. (C and F) Graphs

showing the percentage of cells containing cyto-

plasmic arc (Cyto) and nuclear arc (Nuc) RNA in

DAPI-positive cells of the CA1 (C) and BLA (F)

(n = 12 sections from four mice/group). (D and G)

The number of Cyto and Nuc RNA double-positive

cells in the CA1 (D) and BLA (G) (n = 12 sections

from four mice/group). (C) ***p < 0.001, unpaired

Student’s t test, two tailed. (D) **p < 0.01, unpaired

Student’s t test, two tailed. (G) ***p < 0.001,

Welch’s t test, two tailed. Error bars, mean ± SEM.

See also Figure S1.
RESULTS

AContext Pre-exposure and Immediate Shock Paradigm
Establishes Corresponding Cell Ensembles in the
Hippocampus and Amygdala
We took advantage of a context pre-exposure and immediate

shock (IS) paradigm suitable for analyzing the association be-

tween two experiences, i.e., the context and an electric foot

shock (unconditioned stimulus). In this paradigm, mice associ-

ated context A, to which they had been previously exposed

(pre-exposed context), with an IS delivered in the same context

(the paired condition), resulting in an increase in freezing

behavior compared with non-pre-exposed mice in a test session

in context A (Figures S1A–S1C); this is consistent with the results

of previous reports (Fanselow, 1990; Rudy and O’Reilly, 2001).

When different contexts were used for the pre-exposure

(context B) and the IS (in context A) (the unpaired condition),

mice spent significantly less time freezing during the test session

in context B compared with mice in the paired condition

(Figure 1A).

Hippocampal and amygdala N-methyl-D-aspartate receptor

(NMDAR) function during the context pre-exposure and IS,

respectively, are required to form associative fear memory

(Matus-Amat et al., 2007). This suggests that amajor component

of the cell ensemble corresponding to the pre-exposed context

and the IS established in the hippocampus and amygdala.

Here, we used cell compartment analysis of temporal activity
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using fluorescence in situ hybridization (catFISH) to detect the

immediate early gene, arc (Guzowski et al., 1999), to determine

when a subpopulation of neurons was activated during behav-

ioral training (Figures 1B–1G and S1D; see Figure 1A for the

experimental schedule). arc RNA localizes to the nucleus and

cytoplasm 5 min and 25–35 min, respectively, after its induction

(Guzowski et al., 1999). Therefore, in the present study, the

expression of nuclear and cytoplasmic arc RNA distinguished

neuronal populations engaged by the behavioral experience

with the IS and the context pre-exposure, respectively. The

expression of cytoplasmic or nuclear arc-positive cells in

the CA1 and basolateral amygdala (BLA) was similar under the

paired and unpaired conditions (Figures 1C and 1F). The most

prominent result was a significant increase in the number of dou-

ble-positive cells (i.e., arc signals detected in both the cytoplasm

and the nucleus) in the paired condition (Figures 1D and 1G),

suggesting that sharing an activated subpopulation of neurons

underlies the association between the pre-exposed context

and the IS experience, especially in the BLA (Matus-Amat

et al., 2007).

Manipulation of Cell Ensembles in Both the
Hippocampus and Amygdala
We used c-fos::tetracycline transactivator (::tTA) transgenic

mice carrying a lentiviral vector harboring channelrhodopsin-2

(ChR2) to genetically target cell ensembles corresponding to

specific events (Figure 2A). ChR2 is a light-activated cation



Figure 2. A System for the Simultaneous Targeting and Activation of Cell Ensembles in the Hippocampal CA1 Region and the Basolateral
Amygdala

(A) Diagram showing the activity-dependent targeting of neurons in c-fos-tetracycline transactivator (::tTA) mice with the lentiviral (LV) system.

Channelrhodopsin-2 (ChR2) and/or enhanced yellow fluorescent protein (EYFP) was selectively introduced into activated cells (green).

(B) Cannula system for double-targeting the CA1 and BLA. The system was used for both LV injection and placement of optic fibers.

(C) Representative fluorescent protein labeling patterns of CA1 and BLA cells in a c-fos::tTAmouse conditioned with the paired paradigm 2 days after doxycycline

(Dox) removal. The fluorescent protein signal and DAPI nuclear staining 1 day after conditioning are shown in white and blue, respectively. Scale bar, 1 mm.

(D–F) The activity-dependent and OFF Dox-dependent labeling of cells with EYFP in the CA1 and BLA. (D) The upper panel shows the scheme of the experiment.

Neural activity was elicited by unpaired conditioning. The thick blue line indicates the presence of Dox (ON Dox). The lower panel shows representative images of

EYFP expression in the CA1 (upper) and BLA (lower) of LV-injected-c-fos::tTA mice subjected to the unpaired paradigm during ON Dox (left), unpaired condi-

tioning during OFF Dox (middle), and no activity (home cage) during OFF Dox (right). The EYFP signal and DAPI nuclear staining are shown in green and blue,

respectively. Scale bar, 100 mm. (E and F) Graphs showing the percentage of EYFP-positive cells to DAPI-positive cells in the CA1 (E) and BLA (F) (n = 6 sections

from three mice/group). p < 0.001, one-way ANOVA; **p < 0.01, Scheffe’s post hoc multiple comparisons test. Error bars, mean ± SEM.

(G–J) Light-pulse-dependent spike induction in the CA1 and BLA neurons of c-fos::tTA mice injected with LV (TRE::ChR2-EYFP). Recorded cells in CA1 (G) and

BLA (I) expressingChR2-EYFP are indicated by arrowheads. (G and I)Magnified images are shown on the right. Yellow square, magnified area. Blue LED light was

delivered (20 Hz, 5-ms pulses for 2 s), and spikes from the cells in CA1 (H) and the BLA (J) were recorded under current-clamp mode. Pyr, pyramidal cell layer;

CeA, central nucleus of the amygdala; LA, lateral nucleus of amygdala. Scale bar, 20 mm.

See also Figure S2.
channel (Fenno et al., 2011). The promoter activity of the c-fos

gene, another immediate early gene, is driven by neuronal activ-

ity. The tTA binds to a tetracycline-responsive element (TRE) and
drives the expression of a target gene downstream of the TRE

upon the removal of doxycycline (Dox). Therefore, in c-fos::tTA

mice injected with a recombinant lentivirus (LV) harboring
Cell Reports 11, 261–269, April 14, 2015 ª2015 The Authors 263



Figure 3. Optical Stimulation of Cell Ensem-

bles in the Hippocampal CA1 and Basolat-

eral Amygdala Generates New Associative

Memory

(A) Diagram showing the experimental scheme.

The thick blue and gray lines represent the pres-

ence (ON Dox) and absence (OFF Dox) of doxy-

cycline, respectively. The blue circle represents

light stimulation. The c-fos::tTA mice were used in

all groups.

(B) All groups, except the no-shock group, were

conditioned in theunpairedparadigmwithOFFDox.

The enhanced yellow fluorescent protein (EYFP) +

light group was injected with lentivirus (LV)

(TRE::EYFP) into the CA1 and BLA, subjected to

optical stimulation in the CA1 and BLA, and then

tested in context B (n = 13) or C (n = 10). All chan-

nelrhodopsin-2 (ChR2) groupswere injectedwith LV

(TRE::ChR2-EYFP) into CA1 and/or the BLA, as

indicated. The ChR2 no-light group received no

optical stimulation and was tested in context B

(n = 13). The ChR2 + light group received optical

stimulation in the CA1 and BLA andwas then tested

in context B (n = 13) or C (n = 12). The ChR2 + CA1

light (n=10)and theChR2+BLA light (n=14)groups

received optical stimulation only in the CA1 and

the BLA, respectively. In the ChR2 + no shock (NoS)

light group (n = 6), foot shock was not delivered

during the immediate shock (IS). All other pro-

cedureswere thesameas thoseused for theChR2+

light group. The graph shows the freezing response

during thememory test (p<0.001, one-wayANOVA;

*p < 0.05, **p < 0.01, Scheffe’s post hoc multiple

comparisons test). Error bars, mean ± SEM.

See also Figure S3.
TRE::ChR2-enhanced yellow fluorescent protein (EYFP) or

TRE::EYFP, the subpopulation of cells activated during learning

were specifically labeled with ChR2 and/or fluorescent protein in

the absence of Dox (OFF Dox) for 2 days.

TRE::ChR2-EYFP LV or TRE::EYFP LV was unilaterally in-

jected into the CA1 and BLA of c-fos::tTA mice using a double-

targeting cannula system aimed at both the CA1 and the BLA.

The guide cannula was designed for use with both LV injections

and optical fiber placements (Figure 2B). This system allowed us

to specifically target activated cells in CA1 and the BLA (Fig-

ure 2C). Fluorescently labeled cells were predominantly

observed in OFF-Dox animals, and the number of EYFP-positive

cells was significantly increased by unpaired (Figures 2D–2F)

and paired conditioning (Figure S2A). Following the unpaired

conditioning with OFF-Dox, approximately 13% of the cells in

the hippocampal CA1 and 7% of those in the BLA were labeled

with EYFP (Figures 2D–2F). The labeling was not observed when

unpaired conditioning was performed with ON-Dox, which

does not allow tTA-dependent gene expression. Even with

OFF-Dox, the labeling efficiency in mice kept in their home

cages was significantly lower than that of the OFF-Dox mice

that were conditioned. In addition, unpaired conditioning

induced the expression of ChR2-EYFP (Figure S2B). Our results

also indicated that the cells labeled with ChR2-EYFP were a

subpopulation of those cells expressing arc RNA, because

most of the tTA RNA-positive cells expressed arc RNA in the
264 Cell Reports 11, 261–269, April 14, 2015 ª2015 The Authors
CA1 and BLA of the c-fos::tTA mice after the unpaired condition-

ing (Figure S2C).

Recordings of membrane potentials from neurons in acute

hippocampal and amygdala slices revealed that the repeated

delivery of blue light (465 nm at 20 Hz) generated a robust and

high-fidelity firing of those CA1 and BLA neurons expressing

ChR2-EYFP (Figures 2G–2J). By contrast, light stimulation had

no effect on the membrane potential or firing of cells expressing

only EYFP (Figures S2D–S2G). In addition, expression of

endogenous c-Fos was induced in ChR2-expressing cells

compared to EYFP-expressing cells at both of CA1 and BLA

(Figure S2H).

Synchronous Activation of Distinct Cell Ensembles
Creates an Artificial Association of Corresponding
Information
Taking advantage of the specific expression of ChR2 and light-

induced neuronal firing, we examined whether the simultaneous

activation of distinct cell ensembles corresponding to the

context pre-exposure and the IS in the unpaired condition could

generate an artificial association between these two previously

unassociated events. We implanted guide cannulae and injected

TRE::EYFP or TRE::ChR2-EYFP LV into c-fos::tTAmice, allowing

the mice at least 9 days to recover (Figures 3A and S3A). The

mice were then taken off Dox for 2 days to allow for neuronal

activity-dependent transgene expression and then conditioned



Figure 4. Both Artificial and Physiological

Associations Increase the Representation

of Sensory Input from the Context in the

BLA Circuit

(A and B) Endogenous c-Fos expression in the BLA

of mice that experienced paired or unpaired con-

ditioning, as shown in Figure 1A.

(C andD) Endogenous c-Fos expression in the BLA

ofmice that underwent EYFP + light, ChR2 no light,

or ChR2 + light, as shown in Figure 3A. (A and C)

Representative images showing c-Fos (red) and

DAPI nuclear staining (blue). Scale bar, 100 mm.

(B and D) Graphs showing the number of c-Fos-

positive cells in the regions of interest (ROI) within

the BLA. (B) n = 6 sections from three mice/group;

**p < 0.01, unpaired Student’s t test, two tailed. (D)

n = 8 sections from four mice/group; p < 0.01, one-

way ANOVA; *p < 0.05, Scheffe’s post hoc multiple

comparisons test. Error bars, mean ± SEM.
to the unpaired paradigm (in which naive mice did not make an

association between the pre-exposed context B and an IS in

context A) (Figures 1A and S3B). One day after conditioning,

we delivered 20-Hz light pulses for 2 min to both CA1 and BLA

(+ light) in the home cage (ChR2 + light group in Figure 3B). Con-

trol mice were attached to optic fibers targeting CA1 and the

BLA, but the light pulse was not delivered (ChR2 no-light group

in Figure 3B). The TRE::EYFP LV-injected mice served as

another control group in which light pulses were delivered to

both the CA1 and BLA (EYFP + light group in Figure 3B). Mice

were then subjected to a fear memory test in the pre-exposed

context B or C (Figure 3A).

When light stimulation was delivered and TRE::ChR2-EYFP

LV-injected mice were tested in the pre-exposed context B, in

which they had not experienced a foot shock, the mice showed

a freezing level nearly equal to that of mice exposed to the paired

condition (ChR2 + light in Figure 3B; see also Figures 1A, S3A,

and S3B). By contrast, even when light stimulation was deliv-

ered, the group of TRE::EYFP LV-injected mice showed a

significantly lower level of freezing than the TRE::ChR2-EYFP

LV-injected mice, and this lower level was similar to that shown

by mice in the unpaired group shown in Figure 1A (EYFP + light

group in Figure 3B). A similarly low level of freezing was also

observed in TRE::ChR2-EYFP LV-injected mice that did not

receive light stimulation (ChR2 no light group in Figure 3B). The

freezing level of mice in the ChR2 no-light groups was signifi-

cantly lower than that of mice in the ChR2 + light group (Fig-

ure 3B). The mice in the ChR2 NoS + light group that did not

undergo IS showed extremely low levels of freezing, indicating

that the IS indeed acted as an unconditioned stimulus in this

behavioral paradigm.

The high freezing level observed in mice in the ChR2 + light

groupwas context B specific because freezing in a novel context

C, a neutral context for them (Figures S1A, S1B, and S3B), was

comparable to that observed for mice in the control groups and
Cell Reports 11, 261–
EYFP + light in context C group (Fig-

ure 3B). The context specificity was

further confirmed by the observation that
mice in the ChR2 + light group showed significantly more

freezing in context B than in context A (Figures S3C and S3D).

Therefore, the artificial associative memory contains a specific

linkage to cell ensembles corresponding to the original contex-

tual information (context B). The delivery of light pulses alone

to the CA1 or BLA failed to increase freezing behavior (ChR2 +

CA1 light and ChR2 + BLA light groups in Figure 3B) compared

with that in the control groups. These results indicate that the

synchronous activation of distinct cell ensembles residing in

the CA1 and BLA, even 1 day after training, establishes a strong

association between information corresponding to the pre-

exposed context and IS that is comparable to memory condi-

tioned with the paired paradigm.

Cell Ensemble Size in the BLA Increases during
Physiological or Artificial Association Memory
Processing
The number of c-Fos-positive cells in the BLA of mice in the

paired group 1.5 hr after the test session was significantly higher

than that in mice from the unpaired group (Figures 4A and 4B).

This result indicates that the number of cells recruited in a recall

process increases in the BLA when an association between the

pre-exposed context and the IS is successfully established.

Similar results were reported for cells in the BLA after the recall

of a conventionally induced contextual fear memory (Ramirez

et al., 2013; Reijmers et al., 2007). Therefore, we examined the

pattern of c-Fos expression in the BLA of control mice (EYFP +

light and ChR2 no-light groups) and mice in the ChR2 + light

group after the memory test (Figure 4C). The number of c-Fos-

positive cells in the ChR2 + light group increased significantly

compared with that in control mice (Figure 4D); thus, similar to

a physiological association, the size of the activated cell

ensemble in the BLA increased in response to the synchronous

light stimulation that generated an artificial association between

the context and the IS.
269, April 14, 2015 ª2015 The Authors 265



Figure 5. Artificial Association Requires

N-Methyl-D-Aspartate Receptor Activity

and De Novo Protein Synthesis during Opti-

cal Stimulation

(A) Diagram showing the experimental scheme.

Inhibition of protein synthesis and NMDAR activity

were performed with bilateral microinfusion of

0.5 ml of 125 mg/ml anisomycin (Aniso) and 30 mM

D-AP5, respectively, into the CA1 and the BLA.

Phosphate buffered saline (0.5 ml) was used as the

vehicle. The microinfusion was conducted 20 min

before the optical stimulation.

(B) Graph showing the freezing response during the

memory test in context B (p < 0.004, one-way

ANOVA; *p < 0.05, **p < 0.01, Scheffe’s post hoc

multiplecomparisons test). Error bars,mean±SEM.
Establishing an Artificial Association Depends on
NMDAR Activity and Protein Synthesis
To gain insights into the mechanisms underlying the artificial

association, we next investigated the effects of D-APV, an

NMDAR antagonist, on the artificial association. The microinjec-

tion of D-APV into both hippocampus and amygdala via the

double-targeting cannula system before the optical stimulation

significantly reduced the expression of freezing behavior in the

test session compared with that observed following vehicle in-

jection (Figure 5), suggesting the involvement of Hebbian plas-

ticity in the artificial association (Caporale and Dan, 2008; Fell

and Axmacher, 2011; Hebb, 1949). Anisomycin, a protein syn-

thesis inhibitor, elicited a similar effect on the freezing response

(Figure 5), suggesting the involvement of a consolidation or re-

consolidation mechanism (Abel et al., 1997; Hardt et al., 2010;

Nader and Hardt, 2009; Nader et al., 2000). These results indi-

cate that the establishment of associative memories generated

under either physiological or artificial conditions share common

molecular mechanisms.

Temporal Changes in Artificial and Physiological
Associative Memories Are Comparable
Contextual fear memory becomes generalized with the passage

of time (usually 2–4 weeks after conditioning in mice) such that

the context specificity of the fear response decreases and

animals exhibit increased freezing behavior in a novel context

(Kitamura et al., 2012; Wiltgen and Silva, 2007). We investigated

temporal changes in the physiological and artificial associative

memories using mice in the naive paired and ChR2 + light

groups, respectively (Figure 6A). In the recent memory phase,

both groups conditioned with the paired paradigm showed

specificity in freezing to the conditioned context (Figure S3B,

compare lines 2 and 4 for naive paired; Figure 3 for ChR2 + light).

In addition, the freezing response for both groups was compara-

ble in the test of recent memory (Figure 6B). After 28 days, both

groups were tested for freezing in the novel context C (remote

memory test 1). No difference was observed in the freezing re-

sponses between the groups (Figure 6C). The next day, animals

were tested in the pre-exposed context, i.e., context A formice in

the naive paired group and context B for those in the ChR2 + light

group (remote memory test 2). We again observed a similar

freezing response in both groups (Figure 6D). Freezing behavior

in either group was not significantly altered during these tests,
266 Cell Reports 11, 261–269, April 14, 2015 ª2015 The Authors
even though remote memory test 1 was performed in a novel

context (Figure S4). Therefore, for the artificially associated

memory, the recent memory phase was context specific but

the remote phase lost the specificity, indicating that it underwent

generalization. This feature is shared with physiologically associ-

ated memory, e.g., the paired paradigm.

DISCUSSION

Here, we showed that simultaneous optical stimulation of the

subset of cells in the CA1 and BLA activated during initial

learning associated two initially independent events. Therefore,

the entirely artificial activation of two separate sets of neuronal

ensembles, in the absence of new sensory input from condi-

tioned or unconditioned stimuli (the context pre-exposure and

foot shock), is capable of connecting two independent events.

This artificially associated memory shared several characteris-

tics with a physiologically associated memory: both depended

on NMDAR activity and protein synthesis, both were long lasting

(at least 4 weeks), and both underwent generalization. Previous

studies showing synthetic or false memory generation by artifi-

cially activating a set of cell ensembles utilized sensory informa-

tion for the unconditioned stimulus (Garner et al., 2012; Ramirez

et al., 2013) or for the sensory cue (Johansen et al., 2010). These

studies employed a combination of artificial stimulation of cell

ensembles and sensory input. Therefore, to the best of our

knowledge, our study is the first to link two distinct memories

using wholly artificial means.

The size of the cell ensemble that corresponded either to the

experience with the pre-exposed context or the IS, as deter-

mined by the number of arc-positive cells, was equivalent for

the paired and unpaired conditions in both the CA1 and BLA;

however, the size of the cell ensembles corresponding to both

experiences, as determined by the number of double-positive

arc neurons, increased significantly in the paired condition (Fig-

ures 1D and 1G). These findings suggest that overlap between

the two ensembles contributes to the association of the two

events. An ensemble appears to have the characteristic of stron-

ger synaptic efficacy among the neurons within the ensemble

compared with other neurons not belonging to the ensemble.

The coincident activation of a set of neurons results in a strength-

ening in synaptic efficacy among these neurons (Caporale and

Dan, 2008; Fell and Axmacher, 2011; Hebb, 1949). Therefore,



Figure 6. Temporal Changes in Artificial

Associative Memory and Physiological

Associative Memory Are Comparable

(A) Diagram showing the experimental scheme.

The naive paired group (naive animals with no

operations) was conditioned with the paired

paradigm of context pre-exposure and immediate

shock (IS). The ChR2 + light groupwas conditioned

with the paradigm shown in Figure 3A.

(B–D) Graphs show freezing responses during

each memory test. (B) Results of the test exam-

ining recent memory in pre-exposed contexts

(p > 0.4, unpaired Student’s t test, two tailed). (C)

Results of the remote memory test 1 on day 30 in a

novel context (context C) to examine the degree of

generalization in fear memory (p > 0.9, unpaired

Student’s t test, two tailed). (D) Results of the

remote memory test 2 on day 31 in pre-exposed

familiar contexts (p > 0.6, unpaired Student’s t test,

two tailed). n.s., no significant difference between

the two groups. Error bars, mean ± SEM.

See also Figure S4.
the synchronous light stimulation of the two cell ensembles in the

present study likely strengthens the synaptic efficacy between

the members of both ensembles within the CA1 and BLA, an

assertion supported by the NMDAR dependence of the artificial

association. This in turn leads to the formation of a cell ensemble

integrating the two distinct types of information. The firing of one

cell ensemble (context B) leads to the firing of the other cell

ensemble (IS); thus, recall of the memory for context B triggers

the recall of the IS memory and induces freezing behavior. We

propose that optical stimulation forms a strong association in

this manner.

The synchronous activation of both CA1 and BLA cell en-

sembles, which were specifically labeled with ChR2-EYFP in

an OFF-Dox-dependent and neural activity-dependent manner

(Figures 2D–2F), was required to generate the artificial associ-

ation, because optical stimulation of either the CA1 or the

BLA ensemble alone failed to generate the association (Fig-

ure 3). The catFISH analysis showed the existence of cell pop-

ulations in both CA1 and BLA, which were activated by context

pre-exposure or IS. Cells activated by contextual information

predominantly appeared in CA1 (Figure 1C), whereas both

contextual and IS information similarly impacted the BLA cell

population (Figure 1F). Although the cell ensembles corre-

sponding to the pre-exposed context and the IS could be

merged, at least in part, by optical stimulation within each brain

region, the lack of a synchronous activation of CA1 and the

BLA failed to induce Hebbian plasticity between the CA1 and

BLA ensembles. A direct anatomical interaction between CA1

in the dorsal hippocampus and the BLA has not been demon-

strated; however, a functional interaction exists between CA1

and the lateral amygdala, as demonstrated by theta rhythm

synchronization during fear memory retrieval, which is impli-

cated in the promotion of synaptic plasticity (Seidenbecher

et al., 2003). Therefore, indirect interactions between these

two regions via other brain areas appears to be required to

form a merged cell ensemble in which synchronized synaptic

inputs and clustered synaptic plasticity may play important

roles (Takahashi et al., 2012).
In our experiments, light stimulation was delivered 1 day after

conditioning when mice were in their home cages. Optical stim-

ulation of two cell ensembles is likely to trigger recall of the

corresponding memories, which may lead to memory reconsoli-

dation, a process requiring protein synthesis (Nader et al., 2000).

Memory reconsolidation is assumed to underlie memory updat-

ing that, by destabilizing the original memory, integrates new and

existing information (Hardt et al., 2010; Lee, 2009; Nader and

Hardt, 2009; Tronson and Taylor, 2007). Integrating the two

ensembles and reconsolidation mechanisms upon memory

recall may both contribute to linking the pre-exposed context

with the IS.

The duration of synchronous activity between the CA1 and

BLA cell ensembles may be important for the generation of

an artificial association. A previous study showed that the opti-

cal reactivation of CA1 neurons previously activated in a partic-

ular context during fear conditioning failed to create a false

memory (Ramirez et al., 2013). In that study, the duration of

the synchronous activity, consisting of CA1 light stimulation

and an external unconditioned stimulus input, was partially

overlapped and extremely short time, only 2 s each in three

times. Long-term synchronization lasting for minutes, as

induced n the present study, may be important for the stabiliza-

tion of the functional interaction between cell ensembles in

these regions. It will be of particular interest to define the con-

ditions, such as the spatial and temporal correlates of the two

ensemble activities, under which animals successfully asso-

ciate an unconditioned stimulus with a conditioned stimulus in

fear memory paradigms.

EXPERIMENTAL PROCEDURES

Full details are provided in the Supplemental Experimental Procedures.

Virus Injection

The pLenti-TRE::EYFP and pLenti-TRE::ChR2-EYFP plasmids were con-

structed and used for LV preparation as described previously (Goshen et al.,

2011). The LVs were stereotaxically injected into the right hemisphere of the

CA1 and BLA in c-fos::tTA mice.
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Ex Vivo Electrophysiology

Transverse brain slices were prepared and the membrane potentials of ChR2-

EYFP-expressing neurons in the CA1 and BLA regions were recorded under

whole-cell current-clamp mode. Light stimulation (465 nm; 20-Hz pulse train

for 2 s, total of 40 pulses; pulse duration, 5ms) was deliveredwith a high-power

LED illumination system.

Histology

The arc catFISH analysis was performed as described in previous studies

(Guzowski et al., 1999; Hashikawa et al., 2011). For immunohistochemistry,

brain sections were incubated with anti-GFP or anti-c-Fos antibodies followed

by incubation with secondary antibodies and confocal microscopy.

Behavioral Analysis

Mice were pre-exposed to a context for 6min, returned to their home cages for

30 min, and then subjected to a 0.8 mA foot shock for 2 s in context A after 5 s

of acclimation. The unpaired paradigm used distinct contexts for pre-exposure

(context B) and the IS in context A. The paired paradigm used the same

context (context A) for pre-exposure and the IS. The memory tests for the un-

paired and paired conditions were performed in contexts B and A, respec-

tively. Cannula-implanted and LV-injected c-fos-tTA mice were maintained

on Dox food pellets (40 mg/kg). Dox was removed from the mice for 2 days,

and then mice were trained in the unpaired paradigm (except for the mice in

some groups). After 24 hr, the mice were anaesthetized for approximately

4 min, and optic fibers were attached through their cannulae. The mice were

returned to their home cages for 20–25 min before optical stimulation

(473 nm light, 20 Hz, 10 ms) was delivered in the home cage for 2 min. Five

minutes after the end of the stimulation, the optic fiber was detached, and

the mice were returned to their home cages. The mice were placed in several

contexts for the fear memory retention test.

All behavioral experiments were conducted using a video tracking system

(Muromachi Kikai) automated to measure the freezing behavior of the animals,

as in a previous study (Kitamura et al., 2009). Freezing was defined as a com-

plete absence of movement except for respiration. The duration of the freezing

responsewas scored, beginning at 1.5 s of sustained freezing. The percentage

of time spent freezing in the first 2 min of each test session was then averaged

for all mice within each group. In contexts A, B, and C, no significant difference

was found in the level of freezing for the mice during their first exposure (Fig-

ures S1A and S1B).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and four figures and can be found with this article online at http://dx.doi.org/

10.1016/j.celrep.2015.03.017.

AUTHOR CONTRIBUTIONS

N.O. and K.I. designed the study. N.O. and E.M. cloned the lentiviral con-

structs. N.O. prepared the lentiviruses. S.T., H.N., and M.M. contributed to

the production and maintenance of the transgenic animals. N.O. and Y.S. per-

formed all animal surgery. N.O. and A.S. contributed to the behavioral exper-

iments. N.O., A.S., S.T., and S.K. performed the histology and analysis. Y.T.,

M.N., Y.K.S., A.M.W., and F.K. conducted the electrophysiology experiments.

N.O. and K.I. wrote the manuscript.

ACKNOWLEDGMENTS

We thank K. Deisseroth (Stanford University) for the hChR2 (T159C) cDNA, H.

Hioki and T. Kaneko (Kyoto University) for the TRE-EGFP LV vector, H. Nomura

(University of Tokyo) for the catFISH method, I. Takasaki and Y. Tabuchi (Uni-

versity of Toyama) for setting up the lentiviral experiments, N. Matsuo (Kyoto

University) for information about the c-fos::tTA mouse, A. Yamanaka (Nagoya

University) for technical advice regarding optogenetics, and T. Kitamura (Mas-

sachusetts Institute of Technology) for help setting up and for valuable discus-

sion about behavioral analysis. This work was supported by the Core Research
268 Cell Reports 11, 261–269, April 14, 2015 ª2015 The Authors
for Evolutional Science and Technology (CREST) program of the Japan

Science and Technology Agency (JST), JSPS KAKENHI grant number

23220009, a Grant-in-Aid for Scientific Research on Innovative Areas ‘‘Mem-

ory dynamism’’ (25115002) from the MEXT, the Mitsubishi Foundation, the

Uehara Memorial Foundation, and the Takeda Science Foundation support

to K.I., and JSPS KAKENHI grant number 24650164 and a Hokugin Research

Grant to N.O.

Received: July 29, 2014

Revised: November 27, 2014

Accepted: March 5, 2015

Published: April 2, 2015

REFERENCES

Abel, T., Nguyen, P.V., Barad, M., Deuel, T.A., Kandel, E.R., and Bourtchou-

ladze, R. (1997). Genetic demonstration of a role for PKA in the late phase of

LTP and in hippocampus-based long-term memory. Cell 88, 615–626.

Caporale, N., and Dan, Y. (2008). Spike timing-dependent plasticity: a Hebbian

learning rule. Annu. Rev. Neurosci. 31, 25–46.

Debiec, J., Doyère, V., Nader, K., and Ledoux, J.E. (2006). Directly reactivated,

but not indirectly reactivated, memories undergo reconsolidation in the amyg-

dala. Proc. Natl. Acad. Sci. USA 103, 3428–3433.

Deng, W., Mayford, M., and Gage, F.H. (2013). Selection of distinct popula-

tions of dentate granule cells in response to inputs as a mechanism for pattern

separation in mice. eLife 2, e00312.

Dolcos, F. (2013). Linking enhancing and impairing effects of emotion-the case

of PTSD. Front. Integr. Neurosci. 7, 26.

Fanselow, M.S. (1990). Factors governing one-trial contextual conditioning.

Anim. Learn. Behav. 18, 264–270.

Fell, J., and Axmacher, N. (2011). The role of phase synchronization in memory

processes. Nat. Rev. Neurosci. 12, 105–118.

Fenno, L., Yizhar, O., and Deisseroth, K. (2011). The development and applica-

tion of optogenetics. Annu. Rev. Neurosci. 34, 389–412.

Garner, A.R., Rowland, D.C., Hwang, S.Y., Baumgaertel, K., Roth, B.L., Ken-

tros, C., and Mayford, M. (2012). Generation of a synthetic memory trace. Sci-

ence 335, 1513–1516.

Goshen, I., Brodsky, M., Prakash, R., Wallace, J., Gradinaru, V., Ramak-

rishnan, C., and Deisseroth, K. (2011). Dynamics of retrieval strategies for

remote memories. Cell 147, 678–689.

Guzowski, J.F., McNaughton, B.L., Barnes, C.A., and Worley, P.F. (1999).

Environment-specific expression of the immediate-early gene Arc in hippo-

campal neuronal ensembles. Nat. Neurosci. 2, 1120–1124.

Han, J.H., Kushner, S.A., Yiu, A.P., Cole, C.J., Matynia, A., Brown, R.A., Neve,

R.L., Guzowski, J.F., Silva, A.J., and Josselyn, S.A. (2007). Neuronal competi-

tion and selection during memory formation. Science 316, 457–460.

Han, J.H., Kushner, S.A., Yiu, A.P., Hsiang, H.L., Buch, T., Waisman, A., Bon-

tempi, B., Neve, R.L., Frankland, P.W., and Josselyn, S.A. (2009). Selective

erasure of a fear memory. Science 323, 1492–1496.

Hardt, O., Einarsson, E.O., and Nader, K. (2010). A bridge over troubled water:

reconsolidation as a link between cognitive and neuroscientific memory

research traditions. Annu. Rev. Psychol. 61, 141–167.

Hashikawa, K., Matsuki, N., and Nomura, H. (2011). Preferential Arc transcrip-

tion at rest in the active ensemble during associative learning. Neurobiol.

Learn. Mem. 95, 498–504.

Hebb, D.O. (1949). The Organization of Behavior (John Wiley and Sons).

Johansen, J.P., Hamanaka, H., Monfils, M.H., Behnia, R., Deisseroth, K., Blair,

H.T., and LeDoux, J.E. (2010). Optical activation of lateral amygdala pyramidal

cells instructs associative fear learning. Proc. Natl. Acad. Sci. USA 107,

12692–12697.

Kitamura, T., Saitoh, Y., Takashima, N., Murayama, A., Niibori, Y., Ageta, H.,

Sekiguchi, M., Sugiyama, H., and Inokuchi, K. (2009). Adult neurogenesis

http://dx.doi.org/10.1016/j.celrep.2015.03.017
http://dx.doi.org/10.1016/j.celrep.2015.03.017


modulates the hippocampus-dependent period of associative fear memory.

Cell 139, 814–827.

Kitamura, T., Okubo-Suzuki, R., Takashima, N., Murayama, A., Hino, T., Nish-

izono, H., Kida, S., and Inokuchi, K. (2012). Hippocampal function is not

required for the precision of remote place memory. Mol. Brain 5, 5.

Lee, J.L. (2009). Reconsolidation: maintaining memory relevance. Trends

Neurosci. 32, 413–420.

Liu, X., Ramirez, S., Pang, P.T., Puryear, C.B., Govindarajan, A., Deisseroth,

K., and Tonegawa, S. (2012). Optogenetic stimulation of a hippocampal

engram activates fear memory recall. Nature 484, 381–385.

Matus-Amat, P., Higgins, E.A., Sprunger, D., Wright-Hardesty, K., and Rudy,

J.W. (2007). The role of dorsal hippocampus and basolateral amygdala

NMDA receptors in the acquisition and retrieval of context and contextual

fear memories. Behav. Neurosci. 121, 721–731.

Nader, K., and Hardt, O. (2009). A single standard for memory: the case for re-

consolidation. Nat. Rev. Neurosci. 10, 224–234.

Nader, K., Schafe, G.E., and Le Doux, J.E. (2000). Fear memories require pro-

tein synthesis in the amygdala for reconsolidation after retrieval. Nature 406,

722–726.

Ramirez, S., Liu, X., Lin, P.A., Suh, J., Pignatelli, M., Redondo, R.L., Ryan, T.J.,

and Tonegawa, S. (2013). Creating a false memory in the hippocampus.

Science 341, 387–391.

Reijmers, L.G., Perkins, B.L., Matsuo, N., and Mayford, M. (2007). Localization

of a stable neural correlate of associative memory. Science 317, 1230–1233.

Rogerson, T., Cai, D.J., Frank, A., Sano, Y., Shobe, J., Lopez-Aranda, M.F.,

and Silva, A.J. (2014). Synaptic tagging during memory allocation. Nat. Rev.

Neurosci. 15, 157–169.
Rudy, J.W., and O’Reilly, R.C. (2001). Conjunctive representations, the hippo-

campus, and contextual fear conditioning. Cogn. Affect. Behav. Neurosci. 1,

66–82.

Seidenbecher, T., Laxmi, T.R., Stork, O., and Pape, H.C. (2003). Amygdalar

and hippocampal theta rhythm synchronization during fear memory retrieval.

Science 301, 846–850.

Silva, A.J., Zhou, Y., Rogerson, T., Shobe, J., and Balaji, J. (2009). Molecular

and cellular approaches to memory allocation in neural circuits. Science

326, 391–395.

Takahashi, N., Kitamura, K., Matsuo, N., Mayford, M., Kano, M., Matsuki, N.,

and Ikegaya, Y. (2012). Locally synchronized synaptic inputs. Science 335,

353–356.

Tayler, K.K., Tanaka, K.Z., Reijmers, L.G., and Wiltgen, B.J. (2013). Reactiva-

tion of neural ensembles during the retrieval of recent and remote memory.

Curr. Biol. 23, 99–106.

Tronel, S., Milekic, M.H., and Alberini, C.M. (2005). Linking new information to

a reactivated memory requires consolidation and not reconsolidation mecha-

nisms. PLoS Biol. 3, e293.

Tronson, N.C., and Taylor, J.R. (2007). Molecular mechanisms of memory re-

consolidation. Nat. Rev. Neurosci. 8, 262–275.

Wiltgen, B.J., and Silva, A.J. (2007). Memory for context becomes less specific

with time. Learn. Mem. 14, 313–317.

Zhou, Y., Won, J., Karlsson, M.G., Zhou, M., Rogerson, T., Balaji, J., Neve, R.,

Poirazi, P., and Silva, A.J. (2009). CREB regulates excitability and the alloca-

tion of memory to subsets of neurons in the amygdala. Nat. Neurosci. 12,

1438–1443.
Cell Reports 11, 261–269, April 14, 2015 ª2015 The Authors 269


	Artificial Association of Pre-stored Information to Generate a Qualitatively New Memory
	Introduction
	Results
	A Context Pre-exposure and Immediate Shock Paradigm Establishes Corresponding Cell Ensembles in the Hippocampus and Amygdala
	Manipulation of Cell Ensembles in Both the Hippocampus and Amygdala
	Synchronous Activation of Distinct Cell Ensembles Creates an Artificial Association of Corresponding Information
	Cell Ensemble Size in the BLA Increases during Physiological or Artificial Association Memory Processing
	Establishing an Artificial Association Depends on NMDAR Activity and Protein Synthesis
	Temporal Changes in Artificial and Physiological Associative Memories Are Comparable

	Discussion
	Experimental Procedures
	Virus Injection
	Ex Vivo Electrophysiology
	Histology
	Behavioral Analysis

	Supplemental Information
	Acknowledgments
	References


