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Abstract

Memory consolidation is the process by which a newly formed and unstable memory transforms
into a stable long-term memory. It is unknown whether the process of memory consolidation
occurs exclusively by the stabilization of memory engrams. By employing learning-dependent cell
labeling, we identified an increase of synaptic strength and dendritic spine density specifically in
consolidated memory engram cells. While these properties are lacking in the engram cells under
protein synthesis inhibitor-induced amnesia, direct optogenetic activation of these cells results in
memory retrieval, and this correlates with the retained engram cell-specific connectivity. We
propose that a specific pattern of connectivity of engram cells may be crucial for memory
information storage and that strengthened synapses in these cells critically contribute to the
memory retrieval process.

Main Text

Memory consolidation is the phenomenon whereby a newly formed memory transitions
from a fragile state to a stable, long-term state (1-3). The defining feature of consolidation is
a finite time window that begins immediately after learning, during which a memory is
susceptible to disruption such as protein synthesis inhibition (4-6), resulting in retrograde
amnesia. The stabilization of synaptic potentiation is the dominant cellular model of
memory consolidation (7-10) because protein synthesis inhibitors disrupt late-phase long-
term potentiation of /n vitro slice preparations (11-13). Although much is known about the
cellular mechanisms of memory consolidation it remains unknown whether these processes
occur in memory engram cells. It may be possible to characterize cellular consolidation and
empirically separate mnemonic properties in retrograde amnesia by directly probing and
manipulating memory engram cells in the brain. The term memory engram originally
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referred to the hypothetical learned information stored in the brain, which must be
reactivated for recall (14-15). Recently, several groups demonstrated that specific
hippocampal cells that are activated during memory encoding are both sufficient (16-18)
and necessary (19-20) for driving future recall of a contextual fear memory, and thus
represent a component of a distributed memory engram (21). Here, we applied this engram
technology to the issue of cellular consolidation and retrograde amnesia.

We employed the previously established method for tagging the hippocampal dentate gyrus
(DG) component of a contextual memory engram with mCherry (see Materials and
Methods, fig. S1, and (16, 22)). To disrupt consolidation we systemically injected the protein
synthesis inhibitor anisomycin (ANI) or saline (SAL) as a control immediately after
contextual fear conditioning (CFC) (Fig. 1A). The presynaptic neurons of the entorhinal
cortex (EC) were constitutively labeled with ChR2 expressed from an AAVg-CaMKlla-
ChR2-EYFP virus (Fig. 1B). Voltage clamp recordings of paired engram (mCherry*) and
non-engram (mCherry™) DG cells were conducted simultaneously with optogenetic
stimulation of ChR2* perforant path (PP) axons (Fig. 1C, D). mCherry* cells of the SAL
group showed significantly greater synaptic strength than mCherry* cells of the ANI engram
group, but the mCherry™ cells of the SAL and ANI groups were of comparable synaptic
strength (Fig. 1E). Calculation of AMPA/NMDA current ratios (23) showed that at 24 hours
post-training, mCherry* engram cells displayed potentiated synapses relative to paired
mCherry™ non-engram cells in the SAL group (Fig. 1E). However, no such difference
between mCherry* and mCherry~ was observed in the ANI group. In addition, mCherry*
engram cells of the SAL group showed significantly greater AMPA/NMDA current ratios
than mCherry* engram cells of the ANI group. Analysis of miniature EPSCs of engram and
non-engram cells of both SAL and ANI groups showed the same pattern (fig. S2).

We also quantified dendritic spine density for DG engram cells labeled with an AAVg-TRE-
ChR2-EYFP virus. Spine density of ChR2* cells was significantly higher than
corresponding ChR2™ cells in the SAL group (Fig. 1F. fig. S3), but spine densities of ChR2*
and ChR2~ cells of the ANI group were similar (see Materials and Methods). Spine density
of ChR2* cells of the SAL group was significantly higher than that of ANI ChR2* cells (Fig.
1F), but ChR2~ cells were comparable. This result was confirmed by analysis of the
membrane capacitance (fig. S4G). ChR2 expression did not affect intrinsic properties of DG
cells in vitro (fig. SSA-E). Direct bath application of ANI did not affect intrinsic cellular
properties /n vitro (fig. S5F), although it mildly reduced synaptic currents acutely (fig. S5G-
). Importantly, when anisomycin was injected into c-fos-tTA animals 24 hours post-CFC
and engram labeling, engram-cell specific increases in dendritc spine density and synaptic
strength were undisturbed (fig. S6). We also examined engram cells labeled by a context-
only experience (17), and found equivalent engram-cell increases in spine density and
synaptic strength (fig. S7) as those labeled by CFC.

DG cells receive information from EC and relay it to area CA3 via the mossy fibers. We
labeled DG engram cells using an AAVg-TRE-ChR2-EYFP virus and simultaneously
labeled CA3 engram cells using an AAVg-TRE-mCherry virus (Fig. 1G). Connection
probability was assessed 24 hours post-CFC by stimulating DG ChR2* cell terminals
optogenetically and recording excitatory postsynaptic potentials in CA3 mCherry* and
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mCherry™ cells in ex vivo preparations. CA3 mCherry* engram cells showed a significantly
higher probability of connection than mCherry™ cells with DG ChR2* engram cells,
demonstrating preferential engram cell to engram cell connectivity. Importantly, this form of
engram pathway-specific connectivity was unaffected by post-training administration of
ANI (Fig. 1G).

We next tested the behavioral effect of optogenetically stimulating engram cells in amnesic
mice (Fig 2A). During CFC training in Context B, both SAL and ANI groups responded to
the unconditioned stimuli at equivalent levels (fig. S8). One day post-training, the SAL
group displayed robust freezing behavior to the conditioned stimulus of context B, whereas
the ANI group showed substantially less freezing behavior (Fig. 2C). Two days post-
training, mice were placed into the distinct context A for a 12 min test session consisting of
four 3 min epochs of blue light on or off. During this test session, neither group showed
freezing behavior during Light-Off epochs, but both froze significantly during Light-On
epochs (Fig. 2D). Remarkably, no difference in the levels of light-induced freezing behavior
was observed between groups. Three days post-training, the mice were again tested in
context B to assay the conditioned response, and retrograde amnesia for the conditioning
context was still clearly evident (Fig. 2E). Subjects treated with SAL or ANI following the
labeling of a neutral contextual engram (i.e. no shock) did not show freezing behavior in
response to light stimulation of engram cells (Fig. 2D). We replicated the DG retrograde
amnesia experiment using an alternative widely-used protein synthesis inhibitor,
cycloheximide (CHM) (fig. S9). We examined whether ANI administration immediately
after CFC altered the activity dependent synthesis of ChR2-EYFP in DG cells and found that
this was not the case (Fig. 2F-H). Nevertheless, the dosage of anisomycin used in this study
did inhibit protein synthesis in the DG as shown by Arc* cell counting (fig. $10). Thus, the
dosage of ANI used was sufficient to induce amnesia, but was insufficient to impair c-fos-
tTA driven synthesis of virally delivered ChR2-EYFP in DG cells. Extracellular recordings
from SAL and ANI-treated mice confirmed the cell counting results (Fig. 21-K). In line with
fig. S6 and previous reports (24), anisomycin injection 24 hours post-CFC did not cause
retrograde amnesia (fig. S11). To provide a negative control for light-induced memory
retrieval in amnesia, we disrupted memory encoding by activating hM4Di DREADDs
receptors (25) downstream of the DG, in hippocampal CA1, during CFC, and found that
subsequent DG engram activation did not elicit memory retrieval (fig. S12).

The recovery from amnesia by direct light activation of ANI-treated DG engram cells was
unexpected because these cells showed neither synaptic potentiation nor increased dendritic
spine density. We conducted additional behavioral experiments to confirm and characterize
the phenomenon. First, we investigated whether recovery from amnesia can be demonstrated
by light-induced optogenetic place avoidance test (OptoPA); this would be a measure of an
active fear memory recall (see Materials and Methods and (18)), rather than a passive fear
response monitored by freezing. SAL and ANI groups displayed equivalent levels of
avoidance of the target zone in response to light activation of the DG engram (Fig. 3A).
Second, in our previous study we showed that an application of the standard protocol (i.e. 20
Hz) for activation of the CA1 engram was not effective for memory recall (17). However, we
found that a 4 Hz protocol applied to the CA1 engram of the SAL and ANI groups elicited
similar recovery from amnesia (Fig. 3B). Third, we employed tone fear conditioning (TFC)
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and manipulated the fear engram in lateral amygdala (LA) (26) and found light-induced
recovery of memory from amnesia. Fourth, we asked whether amnesia caused by disruption
of reconsolidation of a contextual fear memory (27-28) can also be recovered by light-
activation of DG engram cells, and indeed it was found to be the case (Fig. 3D). We applied
the memory inception method (Materials and Methods, (17, 29) to DG engram cells and
found that both SAL and ANI groups showed freezing behavior that was specific to the
original Context A, demonstrating that light-activated Context A engrams formed in the
presence of ANI can function as a CS in a context-specific manner (Fig. 3E). Lastly, we
tested the longevity of CFC amnesic engrams for memory recovery by light activation, and
found that indeed memory recall could be observed 8 days post-training (fig. S13).

Interactions between the hippocampus and amygdala are crucial for contextual fear memory
encoding and retrieval (18). c-Fos expression increases in the hippocampus and amygdala
upon exposure of an animal to conditioned stimuli (30—-31). These previous observations
open up the possibility of obtaining cellular level evidence supporting the behavioral level
finding that the recovery from amnesia can be accomplished by direct light activation of
ANI-treated DG engram cells. Thus, we compared the effects of natural recall and light-
induced recall on amygdala c-Fos* cell counts in amnesic mice (Fig. 4A-C). c-Fos™ cell
counts (Fig. 4B) were significantly lower in basolateral amygdala (BLA) and central
amygdala (CeA) of ANI-treated mice compared to SAL mice when natural recall cues were
delivered, showing that amygdala activity correlates with fear memory expression (Fig. 4C).
In contrast, light-induced activation of the contextual engram cells resulted in equivalent
amygdala c-Fos™ counts in SAL and ANI groups (Fig. 4C), supporting the optogenetic
behavioral data.

Next, we modified this protocol to include labeling of CA3 and BLA engram cells with
mCherry and examined the effects of light-induced activation of DG engram cells on the
overlap of mCherry* engram cells and c-Fos™ recall-activated cells in CA3 and BLA (Fig.
4D). The purpose of this experiment was to investigate whether there is preferential
connectivity between the upstream engram cells in DG and the downstream engram cells in
CA3 or BLA. Natural recall cues resulted in above chance c-Fos*/mCherry* overlap in both
CA3 and BLA, supporting the physiological connectivity data (Fig. 4E-K). c-Fos*/
mCherry* overlap was significantly reduced in the ANI group compared to the SAL group,
but was still higher than chance levels, presumably reflecting incomplete amnesic effects of
anisomycin (Fig. 4K). Importantly, light-activation of DG engram cells resulted in
equivalent c-Fos*/mCherry overlap as natural cue-induced recall, and this was unaffected by
post-CFC anisomycin treatment. These data suggest that there is preferential and protein
synthesis-independent functional connectivity between DG and CA3 engram cells,
supporting the physiological data (Fig. 1G), and that this connectivity also applies between
DG and BLA engram cells.

We previously showed that DG cells activated during CFC training and labeled with ChR2
via the promoter of an immediate early gene (IEG) can evoke a freezing response when they
are reactivated optogenetically one to two days later (16), and this has since been achieved in
the cortex (21). We have also shown that these DG cells, if light-activated while receiving a
US, can serve as a surrogate context-specific CS to create a false CS-US association (17—
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18), and that activation of DG or amygdala engram cells can induce place preference (18).
Furthermore, recent studies showed that optogenetic inhibition of these cells in DG, CA3, or
CAL impairs expression of a CFC memory (19-20). Together, these findings show that
engram cells activated by CFC training are both sufficient and necessary to evoke memory
recall, satisfying two crucial attributes in defining a component of a contextual fear memory
engram (15). What has been left to be demonstrated, however, is that these DG cells undergo
enduring physical changes as an experience is encoded and its memory is consolidated.
Although synaptic potentiation has long been suspected as a fundamental mechanism for
memory and as a crucial component of the enduring physical changes induced by
experience, this has not been directly demonstrated, until the current study, as a property of
the engram cells. Our data have directly linked the optogenetically and behaviorally defined
memory engram cells to synaptic plasticity.

Based on a large volume of previous studies, (1-3, 7-8, 32-34), a concept has emerged
where retrograde amnesia arises from consolidation failure as a result of disrupting the
process that converts a fragile memory engram, formed during the encoding phase, into a
stable engram with persistently augmented synaptic strength and spine density. Indeed, our
current study has demonstrated that amnesic engram cells in the DG one day after CFC
training display low levels of synaptic strength and spine density that are indistinguishable
from non-engram cells of the same DG. This correlated with a lack of memory recall elicited
by contextual cues. Intriguingly, however, direct activation of DG engram cells of the ANI
group elicited as much freezing behavior as the activation of these cells of the SAL group.
This unexpected finding is supported by a set of additional cellular and behavioral
experiments. While amygdala engram cell reactivation upon exposure to the conditioned
context is significantly lower in the ANI group compared to the SAL group, optogenetic
activation of DG engram cells results in normal reactivation of downstream CA3 and BLA
engram cells (Fig. 4). At the behavioral level, the amnesia rescue was observed under a
variety of different conditions in which one or more parameters were altered (Fig. 2-3, fig.
S9, and fig. S13). Thus, our overall findings indicate that memory engrams survive a post-
training administration of protein synthesis inhibitors during the consolidation window and
that the memory remains retrievable by ChR2-mediated direct engram activation even after
retrograde amnesia is induced. The drive initiated with light-activation of one component of
a distributed memory engram (like that in the DG) is sufficient to reactivate engrams in
downstream regions (like that in CA3 and BLA) that would also be affected by the systemic
injection of a protein synthesis inhibitor (ANI).

Our findings suggest that while a rapid increase of synaptic strength is likely to be crucial
during the encoding phase, the augmented synaptic strength is not a crucial component of
the stored memory (35-37). This notion is consistent with a recent study showing that an
artificial memory could be reversibly disrupted by depression of synaptic strength (38). On
the other hand, persistent and specific connectivity of engram cells which we find between
DG engram cells and downstream CA3 or BLA engram cells in both SAL and ANI groups
may represent a fundamental mechanism of memory information storage (39). These
findings also suggest that the primary role of augmented synaptic strength during and after
the consolidation phase may be to provide natural recall cues with efficient access to the
soma of engram cells for their reactivation and, hence, recall.
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The integrative memory engram-based approach employed here for parsing memory and
amnesia into encoding, consolidation, and retrieval aspects may be of wider use to other
experimental and clinical cases of amnesia, such as Alzheimer’s disease (40).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synaptic Plasticity and Connectivity of Engram Cells
(A) Mice taken Off DOX 24 hrs before contextual fear conditioning (CFC) and dispatched

24 hrs post training. Saline (SAL) or anisomycin (ANI) administered immediately after
training.

(B) AAVg-CaMKIla-ChR2-EYFP and AAVg-TRE-mCherry viruses injected into the
entorhinal cortex and dentate gyrus, respectively, of c-fos-tTA mice.

(C) Paired recordings of engram (red) and non-engram (grey) DG cells during optogenetic
stimulation of ChR2* perforant path (PP) axons.

(D) Representative image of a pair of recorded biocytin-labeled engram (mCherry*) and
non-engram (mCherry™) DG cells. Note ChR2* PP axons in green.

(E) (Top) Example traces of AMPA and NMDA receptor-dependent postsynaptic currents in
mCherry* and mCherry™ cells, evoked by light activation of ChR2* PP axons. (Bottom)
EPSC amplitudes and AMPA/NMDA current ratios of mCherry™ and mCherry~ cells of the
two groups are displayed as means (columns) and individual paired data points (grey lines).
Paired t-test * p < 0.05, ** p < 0.001. SAL group compared with the ANI group, unpaired t-
test * p < 0.05.

(F) (Left) Representative confocal images of biocytin filled dendritic fragments derived from
SAL and ANI groups for ChR2* and ChR2~ cells (arrow heads: dendritic spines). (Right)
Average dendritic spine density showing an increase occurring exclusively in ChR2*
fragments. Data are represented as mean + SEM. Unpaired t tests ** p < 0.01, *** p <
0.001.

(G) Engram Connectivity. (Top left) AAVy-TRE-ChR2-EYFP and AAVg-TRE-mCherry
viruses, injected into the DG and CAS3, respectively, of c-fos-tTA mice. (Bottom left)
Example of mCherry* (1) and mCherry~ (2) biocytin-filled CA3 pyramidal cells. Note
ChR2* mossy fibers (MF) in green. (Top Right) mCherry* cell but not mCherry~ cell

Biocytin ChR2-EYFP
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displayed EPSPs in response to optogenetic stimulation of MF. (Bottom Right) Probability
of connection of DG ChR2* engram axons and CA3 mCherry™ and mCherry~ cells. Error
bars are approximated by binomial distribution. Fisher’s exact test: * p < 0.05.
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Figure 2. Optogenetic Stimulation of DG Engram Cells Restores Fear Memory in Retrograde
Amnesia

(A) Behavioral schedule. Beige shading signifies that subjects are On DOX, precluding
ChR2 expression. Mice taken off DOX 24-30 hrs before CFC in Context B. SAL or ANI
was injected into the mice after training.

(B) Habituation to Context A with Light-Off and Light-On epochs. Blue light stimulation of
the DG did not cause freezing behavior in naive, unlabelled mice of the pre-SAL (n = 10) or
pre-ANI (n = 8) groups.

(C) Memory recall in Context B 1 day post-training (Test 1). ANI group displayed
significantly less freezing than SAL group (p < 0.005). No-shock groups with SAL (n = 4)
or ANI (n = 4) did not display freezing upon re-exposure to Context B.

(D) Memory recall in Context A 2 days post-training (Engram Activation) with Light-Off
and Light-On epochs. Freezing for the two Light-Off and Light-On epochs are further
averaged in the inset. Significant freezing due to light stimulation was observed in both the
SAL (p <0.01) and ANI groups (p < 0.05). Freezing levels did not differ between groups.
SAL and ANI-treated no-shock control groups did not freeze in response to light stimulation
of context B engram cells.

(E) Memory recall in Context B 3 days post-training (Test 2). ANI group displayed
significantly less freezing than SAL group (p < 0.05).

(F, G) Images showing DG sections from c-fos-tTA mice 24 hrs after SAL or ANI treatment.
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(H) ChR2-EYFP cell counts from DG sections of SAL (n = 3) and ANI (n = 4) groups.

(1) /n vivo anesthetized recordings (see Materials and Methods).

(J, K) Light pulses induced spikes in DG neurons recorded from head-fixed anesthetized c-
fos-tTA mice 24 hrs after treatment with either SAL or ANI.

Data presented as mean = SEM.
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Figure 3. Recovery of Memory from Amnesia under a Variety of Conditions
(A) DG engram activation and optogenetic place avoidance (OptoPA). During habituation

neither group displayed significant avoidance of target zone. For Natural Recall the ANI
group (n = 10) displayed significantly less freezing than SAL group (n = 12) in Context B (p
< 0.005). SAL and ANI displayed similar levels of OptoPA.

(B) CA1 engram activation and CFC. 1 day post-CFC (Test 1) ANI group (n = 9) displayed
significantly less freezing than SAL group (n = 10) in Context B (p < 0.01). 2 days post-
training (Engram Activation), light-activation of CA1 engrams elicited freezing in both SAL
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(p <0.01) and ANI groups (p < 0.001). 3 days post-training (Test 2) ANI group froze less
than SAL group in Context B (p < 0.01).

(C) Lateral amygdala (LA) engram activation and tone fear conditioning (TFC). The
behavioral schedule was identical to that in Fig. 3B, except that context tests were replaced
with tone tests in Context C (Materials and Methods). (Left) example image of ChR2-
mCherry labeling of LA neurons. 2% of DAPI cells were labeled by ChR2. (Right) 1 day
post-training (Test 1), ANI group (n = 9) displayed significantly less freezing to tone than
SAL group (n =9) (p < 0.05). 2 days post-training (Engram Activation), significant light-
induced freezing was observed for both SAL (p < 0.005) and ANI groups (p < 0.005). 3 days
post-training (Test 2) ANI group froze less to tone than SAL group (p < 0.05).

(D) DG engram activation and CFC reconsolidation. ANI (n = 11) and SAL (n = 11) groups
showed similar levels of ChR2 labeling. Both groups showed light-induced freezing
behavior 1 day post-training (Engram Activation 1), pre-SAL (P < 0.001), pre-ANI (P <
0.02). 2 days post training, (Test 1) the fear memory was reactivated by exposure to Context
B, and SAL or ANI injected. 3 days post-training, (Test 2) the ANI group froze significantly
less than SAL to Context B (p < 0.01). 4 days post-training, (Engram Activation 2)
significant light-induced freezing was observed for the SAL (p < 0.001) and ANI (p < 0.003)
groups.

(E) DG Inception (Materials and Methods) following contextual memory amnesia. Context-
only engram was labeled for target Context A, followed by injection of SAL (n = 11) or ANI
(n = 11). Amnesia demonstrated in ANI group by decreased ChR2*/c-Fos™ co-labeling
following Context A re-exposure 1 day post labeling.

Following fear inception, neither SAL nor ANI groups displayed freezing behavior in
Context B, while both groups displayed significant freezing in Context A, with no
significant difference between groups. No-light inception SAL (n = 7) and ANI (n = 6)
controls displayed no freezing to Context A or B. Statistical comparison are performed by
using unpaired t tests, *** p < 0.001.

Data presented as mean = SEM.
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Figure 4. Amygdala Activation and Functional Connectivity in Amnesia by Light Activation of
DG Engram
(A) Schedule for cell counting experiments. Mice were either given a natural recall session

in Context B, or a light-induced recall session in Context A. Mice were perfused 1 hr post
recall.

(B) Representative image showing c-Fos expression in the basolateral amygdala (BLA) and
central amygdala (CeA).(C) c-Fos* cell counts in the BLA and CeA of mice following
natural or light-induced recall (n = 3—4 per group).

(D) Schedule for cell counting experiments. c-fos-tTA mice with AAVy-TRE-ChR2-EYFP
injected into the DG and AAVg-TRE-mCherry injected into both CA3 and BLA were fear
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conditioned off DOX, and 1 day later were given a natural recall session in Context B, or a
light-induced recall session in Context A. Mice were perfused 1 hr post recall.

(E — G) Representative images showing mCherry engram cell labeling, c-Fos expression,
mCherry*/c-Fos* overlap in CA3.

(H - J) Representative images showing mCherry engram cell labeling, c-Fos expression,
mCherry/c-Fos overlap in BLA.

(K) c-Fos*/mCherry* overlap cell counts in CA3 and BLA of mice following natural or
light-induced recall (n = 3 — 4 per group). Chance levels were estimated at 0.76 (CA3) and
0.42 (BLA). Data are presented as mean + SEM. Statistical comparison are performed by
using unpaired t tests, * p < 0.05, ** p < 0.01.
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