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            Abstract
A specific memory is thought to be encoded by a sparse population of neurons1,2. These neurons can be tagged during learning for subsequent identification3 and manipulation4,5,6. Moreover, their ablation or inactivation results in reduced memory expression, suggesting their necessity in mnemonic processes. However, the question of sufficiency remains: it is unclear whether it is possible to elicit the behavioural 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 activated during fear conditioning is sufficient to induce freezing behaviour. 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 stimulation, 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.
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                    Figure 1: 
                        Basic experimental protocols and selective labelling of DG cells by ChR2â€“EYFP.
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Figure 2: 
                        Activity-dependent expression and stimulation of ChR2â€“EYFP.
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Figure 3: 
                        Optical stimulation of engram-bearing cells induces post-training freezing.
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Figure 4: 
                        Labelling and stimulation of independent DG cell populations.
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Neural representation of a memory
Several studies have used ablation strategies to demonstrate that certain neuronal populations in the brain are needed for memory expression, but whether a particular ensemble is sufficient to elicit a behavioural outcome from a particular memory has remained unexplored. Now, Susumu Tonegawa and colleagues use optogenetics to demonstrate that a particular, targeted memory 'engram', or group of cells, that was active during fear-learning is sufficient to drive freezing behaviour in mice during subsequent reactivations.
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