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            Abstract
Stress is considered a potent environmental risk factor for many behavioural abnormalities, including anxiety and mood disorders1,2. Animal models can exhibit limited but quantifiable behavioural impairments resulting from chronic stress, including deficits in motivation, abnormal responses to behavioural challenges, and anhedonia3,4,5. The hippocampus is thought to negatively regulate the stress response and to mediate various cognitive and mnemonic aspects of stress-induced impairments2,3,5, although the neuronal underpinnings sufficient to support behavioural improvements are largely unknown. Here we acutely rescue stress-induced depression-related behaviours in mice by optogenetically reactivating dentate gyrus cells that were previously active during a positive experience. A brain-wide histological investigation, coupled with pharmacological and projection-specific optogenetic blockade experiments, identified glutamatergic activity in the hippocampusâ€“amygdalaâ€“nucleus-accumbens pathway as a candidate circuit supporting the acute rescue. Finally, chronically reactivating hippocampal cells associated with a positive memory resulted in the rescue of stress-induced behavioural impairments and neurogenesis at time points beyond the light stimulation. Together, our data suggest that activating positive memories artificially is sufficient to suppress depression-like behaviours and point to dentate gyrus engram cells as potential therapeutic nodes for intervening with maladaptive behavioural states.
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                    Figure 1: Activating positive memory engrams rescues depression-related behaviour.[image: ]


Figure 2: Positive memory reactivation increases c-Fos expression in the nucleus accumbens shell and the amygdala.[image: ]


Figure 3: The antidepressant effects of an optically activated positive memory require real-time terminal activity from the BLA to the NAcc.[image: ]


Figure 4: Chronic activation of a positive memory elicits a long-lasting rescue of depression-related behaviour.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Male mice spend more time around an object associated with females.
Top, Time spent in the target zone where the object associated with females is introduced in the ON phases. Female-object paired mice (experimental group) spend more time in the target zone during the ON phases than the neutral-object paired mice (control group; two-way ANOVA with multiple comparisons, ON1 t88 = 2.41; P < 0.05, ON2 t88 = 2.08; P < 0.05). Bottom, Difference score (average of ON phases âˆ’ baseline (Bsl)) also shows the increased preference for the target zone in the female-object group compared to neutral-object group (t22 = 2.37; *P < 0.05). n = 12 per group. See the Methods section for detailed methods.


Extended Data Figure 2 Positive, neutral, or negative experiences label a similar proportion of dentate gyrus cells with ChR2; stress prevents weight gain over 10 days.
a, The c-Fos mice were bilaterally injected with AAV9-TRE-ChR2-mCherry and implanted with optical fibres targeting the dentate gyrus. bâ€“e, Histological quantifications reveal that, while off Dox, a similar proportion of dentate gyrus cells are labelled by ChR2â€“mCherry in response to a positive (c), neutral (d), or negative (e) experience. All animals were sacrificed a day after completing the CIS protocol. One-way ANOVA followed by Bonferroni post hoc test, P > 0.05, n.s., not significant. f, Animals were chronically immobilized for 10 days, during which they lost a significant amount of weight compared to an unstressed group (one-way ANOVA followed by Bonferroni post hoc test, *P < 0.05, n = 9 per group). Data are means Â± s.e.m.


Extended Data Figure 3 Reactivation of a positive memory decreases latency to feed in a novelty suppressed feeding paradigm.
a, All groups were food deprived for 24 h and then underwent a novelty-suppressed feeding protocol. While chronic immobilization increased the latency to feed, light-reactivation of a positive memory significantly decreased the latency to feed at levels that matched the unstressed groups. b, Upon completion of the novelty suppressed feeding test, all groups were returned to their home cage and food intake was measured after 5 min (one-way ANOVA followed by Bonferroni post hoc test, **P < 0.01, n = 16 per group). Data are means Â± s.e.m.


Extended Data Figure 4 Activation of a positive memory elicits BLA spiking activity, requires NAcc glutamatergic activity in the tail suspension test, but does not alter locomotor activity in the open field test.
a, Raster plots and peri-stimulus time histograms (PSTH) illustrating a transient excitatory response from a single BLA neuron out of the nine neurons responsive to dentate gyrus positive memory activation during 10 s of blue light stimulation, but not in response to 10 s of red light as a control. Blue bar plots on the right illustrate maximum BLA neural firing rate before (Pre) and after (Post) blue light stimulation in the dentate gyrus (paired t-test, t7 = 6.91, *P = 0.023). Red bar plots show the maximum neural activity for the same neurons after red light stimulation in the dentate gyrus that serves as a control (paired t-test, t7 = 1.62, P = 0.15). b, Brain diagram illustrating target areas manipulated. Within-subjects experiments revealed that glutamatergic antagonists (Glux), but not saline, in the accumbens shell blocked the light-induced effects of a positive memory in stressed subjects. For behavioural data, a two-way ANOVA with repeated measures followed by a Bonferroni post hoc test revealed a group-by-light epoch interaction on day 1 (F1,90 = 28.39, P < 0.001; n = 16 per group) and day 2 of testing (F1,90 = 8.28, P < 0.01). Data are means Â± s.e.m. c, All groups failed to show significant changes in locomotor activity within a session of open field exploration during either light off or light on epochs, though any trends towards decreases in locomotion are consistent with stress-induced behavioural impairments. *P < 0.05, **P < 0.01, ***P < 0.001.


Extended Data Figure 5 Activating a positive memory in the dentate gyrus produces an increase in c-Fos expression in the lateral septum and hypothalamus, but not the lateral habenula, ventral hippocampus, or VTA.
a, Diagram of regions analysed. b, c, c-Fos expression significantly increased in the lateral septum (b) and subregions of the hypothalamus including the dorsomedial (DM), ventromedial (VM), and lateral hypothalamus (c) in the positive memory group but not in a group in which a neutral memory was stimulated or in a group expressing mCherry alone. câ€“e, c-Fos expression did not significantly increase in the lateral habenula (c), various ventral hippocampus subregions (d), or VTA, identified by tyrosine hydroxylase staining (red) stainings in the images expanded on the right (e) (one-way ANOVA followed by Bonferroni post hoc test *P < 0.05, **P < 0.01, n = 5 animals per group, 3â€“5 slices per animal). TS, tail suspension. Data are means Â± s.e.m.


Extended Data Figure 6 Activating a positive memory through the dentate gyrus of unstressed animals increases c-Fos expression in various downstream regions.
a, Diagram of regions analysed. b, In the positive compared to the neutral memory group, c-Fos expression is significantly increased in the lateral septum, NAcc shell, BLA, dorsomedial, ventromedial and lateral hypothalamus, but not in the mPFC, NAcc core, habenula, or ventral hippocampus. Trends were observed in the central amygdala (CeA) and VTA. Each brain region was analysed using an unpaired Studentâ€™s t test, n = 5 animals per group, 3â€“5 slices per animal; #P = 0.17 for central amygdala and P = 0.09 for VTA; *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant. Data are means Â± s.e.m.


Extended Data Figure 7 Dopamine receptor antagonists block the light-induced effects of positive memory activation; a single session of activating a positive memory in the dentate gyrus does not produce long-lasting antidepressant-like effects.
a, Administration of a cocktail of dopamine receptor antagonists (DAx) prevented the light-induced increases in struggling during the tail suspension test. When animals were tested again on day 2 and infused with saline, the behavioural effects of optically reactivating a positive memory were observed (two-way ANOVA with repeated measures followed by Bonferroni post hoc test, *P < 0.05, n = 9 per group). b, Animals in which a positive memory was optically activated during the tail suspension test or sucrose preference test showed acute increases in time struggling or preference for sucrose; this change in behaviour did not persist when tested again on day 2 (within subjects ANOVA followed by Bonferroni post hoc test), n = 9. n.s., not significant. Data are means Â± s.e.m.


Extended Data Figure 8 Chronic activation of a positive memory prevents stress-induced decreases in neurogenesis.
a, The 5-day positive memory stimulation group showed a significant increase of adult newborn cells in the dentate gyrus as measured by doublecortin (DCX)-positive cells (one-way ANOVA followed by Bonferroni post hoc test, F5,72 = 7.634, P < 0.01) relative to control groups. bâ€“g, Representative images of DCX-positive cells in the dentate gyrus for the 5-day (b), 1-day (c), neutral (d), no stimulation (e), natural (f), and no stress (g) groups. hâ€“m, Representative PSA-NCAM images corresponding to data appearing in Fig. 4d. n = 5 slices per animal, 13 animals per group for data appearing in a. *P < 0.05, n.s., not significant. Data are means Â± s.e.m.


Extended Data Figure 9 Behavioural and neuronal correlations.
a, Performance levels in the SPT and the number of adult-born neurons as measured by PSA-NCAM are positively correlated on an animal-by-animal basis. b, Performance levels between the TST and SPT show strong positive correlation trends on an animal-by-animal basis. n = 14 per TST behavioural group, n = 15 per SPT behavioural group.
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        Editorial Summary
The power of positive memories
Can recalling positive memories alleviate depression? Susumu Tonegawa and colleagues addressed this question in mice using optogenetically labelled specific hippocampal memory engrams associated with a positive, neutral or negative experience. The memories could then be artificially activated with light at a later time. Acute reactivation of the positive engram was found to suppress depression-like behaviour in mice exposed to chronic stress, an effect mediated by the hippocampusâ€“amygdalaâ€“nucleus-accumbens pathway. Importantly, chronic reactivation of the positive engram also prevented depression-like behaviour in stressed mice even after the reactivation had finished, indicating that the antidepressant effect is not dependent on real-time artificial activation of the engram. The authors suggest that direct activation of hippocampal dentate gyrus engram cells associated with a positive memory may offer a potential therapeutic node for alleviating a subset of depression-related behaviours, although at this stage it is not clear how these findings may translate into humans.
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