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            Abstract
There is a long-standing division in memory research between hippocampus-dependent memory and non-hippocampus-dependent memory, as only the latter can be acquired and retrieved in the absence of normal hippocampal function1,2. Consolidation of hippocampus-dependent memory, in particular, is strongly supported by sleep3,4,5. Here we show that the formation of long-term representations in a rat model of non-hippocampus-dependent memory depends not only on sleep but also on activation of a hippocampus-dependent mechanism during sleep. Rats encoded non-hippocampus-dependent (novel-object recognition6,7,8) and hippocampus-dependent (objectâ€“place recognition) memories before a two-hour period of sleep or wakefulness. Memory was tested either immediately thereafter or remotely (after one or threeÂ weeks). Whereas objectâ€“place recognition memory was stronger for rats that had slept after encoding (rather than being awake) at both immediate and remote testing, novel-object recognition memory profited from sleep only three weeks after encoding, at which point it was preserved in rats that had slept after encoding but not in those that had been awake. Notably, inactivation of the hippocampus during post-encoding sleep by intrahippocampal injection of muscimol abolished the sleep-induced enhancement of remote novel-object recognition memory. By contrast, muscimol injection before remote retrieval or memory encoding had no effect on test performance, confirming that the encoding and retrieval of novel-object recognition memory are hippocampus-independent. Remote novel-object recognition memory was associated with spindle activity during post-encoding slow-wave sleep, consistent with the view that neuronal memory replay during slow-wave sleep contributes to long-term memory formation. Our results indicate that the hippocampus has an important role in long-term consolidation during sleep even for memories that have previously been considered hippocampus-independent.
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                    Fig. 1: Effects of post-encoding sleep versus wakefulness on memory in the NOR and OPR tasks.[image: ]


Fig. 2: Effects of reversibly inactivating the hippocampus on NOR memory.[image: ]


Fig. 3: Contribution of post-encoding slow wave sleep to remote NOR memory.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Control measures for NOR and OPR task performance.
Total object exploration (s), total distance travelled (m) and average speed (mÂ sâˆ’1) at retrieval testing. Mean values (Â±Â s.e.m., dot plots overlaid) for the first 1 and 3Â min and for the entire 5Â min of the retrieval phase are shown. a, Results from main experiments of NOR and OPR memory as illustrated in Fig.Â 1. Retrieval was tested either immediately after the 2-h retention interval (recent) or 1 week or (for the NOR task only) 3Â weeks later (remote). In a supplementary experiment, NOR was tested 2Â weeks after encoding (offset downwards). Red, sleep; grey, wake; nÂ =Â 12, 8, 8 and 11 rats for NOR testing after 2Â h and 1, 2 and 3 weeks, and nÂ =Â 11 and 9 rats for OPR testing after 2Â h and 1Â week, respectively. b, Results from experiments after bilateral intrahippocampal infusion of muscimol as in Fig.Â 2. Top, muscimol (versus vehicle, grey bars, nÂ =Â 8 rats) was infused either during the 2-h post-encoding interval (upon first occurrence of SWS, red bars, nÂ =Â 8 rats) or 15Â min before retrieval (blue bars, nÂ =Â 9 rats) with the retrieval phase taking place 3Â weeks after encoding. Bottom, control studies. Left, muscimol (purple, nÂ =Â 7 rats) was infused shortly after encoding while the rats remained awake during the 2-h post-encoding interval, compared with untreated wake control rats (nÂ =Â 8 rats, empty bars). Retrieval was tested 1 week after encoding (corresponding to Fig.Â 2b). Right, muscimol (blue bars, versus vehicle, grey bars) was infused either 15Â min before retrieval testing (nÂ =Â 12 rats) or 15Â min before encoding (nÂ =Â 6 rats) with the retrieval phase taking place 30Â min after encoding (corresponding to Fig.Â 2c). There were no significant differences between sleep and wake or between muscimol and vehicle conditions (PÂ >Â 0.194, for all comparisons based on ANOVA and two-sided postÂ hoc t-tests, seeÂ Methods and Figs.Â 1, 2 for further details).

                          Source Data
                        


Extended Data Fig. 2 Performance in recent and remote tests for NOR and OPR tasks.
Memory is indicated by meanÂ Â±Â s.e.m. discrimination ratios during the first 1Â min, first 3Â min, and entire 5Â min of the retrieval phase on the NOR and OPR tasks (dot plots overlaid). a, NOR was tested with 2-h (recent) and with 1-week and 3-week (remote) retrieval tests. b, OPR was tested with 2-h (recent) and 1-week retrieval tests. Whereas OPR memory benefited from sleep (red bars; compared to wake, grey) at both recent and remote (1 week) retrieval tests, NOR benefited from sleep only at the 3-week retrieval test, when NOR memory had decayed in the wake condition. c, A supplementary experiment with NOR retrieval tested 2 weeks after post-encoding sleep and wake intervals showed that NOR memory in the wake condition had already faded at this 2-week point, whereas it was preserved in the sleep condition (F1,7Â =Â 14.997, PÂ =Â 0.006, for sleep/wake main effect; F1,14Â =Â 18.151, PÂ =Â 0.01 and F1,14Â =Â 0.82, PÂ =Â 0.382, for 1 versus 2-week comparisons in the wake and sleep conditions, respectively, F1,14Â =Â 12.073, PÂ =Â 0.005, for 1/2 weeks Ã— sleep/wake interaction; PÂ >Â 0.222 for all comparisons between 2- and 3-week retrieval). In all experiments, recognition memory was assessed by the discrimination ratios during the first 1 and first 3Â min of the retrieval period, which typically cover exploration of novelty most sensitively on both the NOR and OPR tasks6,43,44,45. With extended exploration periods, the novelty response often decreases and is thought to become more noisy. Hence, here, the 5-min values were not used for the assessment of recognition memory. nÂ =Â 12, 8, 11 and 8 rats for NOR testing at 2 h, 1Â week, 3 weeks and 2 weeks; nÂ =Â 11 and 9 rats for OPR testing at 2 h and 1 week, respectively. +++PÂ <Â 0.001, ++PÂ <Â 0.01, +PÂ <Â 0.05 for one-sample t-test against chance level; ***PÂ <Â 0.001, *PÂ <Â 0.05 for pairwise t-tests (two-sided) between sleep and wake conditions.

                          Source Data
                        


Extended Data Fig. 3 Performance on NOR task for hippocampal inactivation studies.
Memory is indicated by meanÂ Â±Â s.e.m. discrimination ratios during the first 1Â min, first 3Â min, and entire 5Â min of the retrieval phase on the NOR task in experiments involving reversible inactivation of the hippocampus (dot plots overlaid). a, Muscimol (red bars, nÂ =Â 8 rats, versus vehicle, grey bars, nÂ =Â 8 rats) was infused into the hippocampus in the post-encoding interval upon the first occurrence of continuous SWS, or 15Â min before retrieval testing (blue bars, nÂ =Â 9 rats). Retrieval was tested 3Â weeks after encoding. b, Control study in which muscimol (purple bars, nÂ =Â 7 rats) was infused shortly after encoding while the rats remained awake during the 2-h post-encoding interval, compared with untreated wake control rats (nÂ =Â 8 rats, empty bars). Retrieval was tested 1Â week after encoding. Infusion of muscimol during post-encoding wakefulness tended to enhance NOR performance, which suggests that during wakefulness hippocampal activity normally interferes with NOR memory consolidation8. It might also reflect compensatory plasticity occurring in extrahippocampal regions upon hippocampal suppression46. c, Control studies in which muscimol (blue bars, versus vehicle, grey bars) was infused 15 min before retrieval testing of recent NOR memory (left, nÂ =Â 12 rats for each substance condition) or 15Â min before the encoding phase (right, nÂ =Â 6 rats for each substance condition). Retrieval was tested 30Â min after encoding, with the rats staying awake during this interval. +++PÂ <Â 0.001, ++PÂ <Â 0.01, +PÂ <Â 0.05 for one-sample t-test against chance level; **PÂ <Â 0.01, *PÂ <Â 0.05 for pairwise t-tests (two-sided) between conditions. See Fig.Â 2 for further details.

                          Source Data
                        


Extended Data Fig. 4 Remote 3-week OPR testing.
OPR memory was tested in nÂ =Â 6 rats, 3Â weeks after a 2-h post-encoding sleep interval. These supplementary experiments followed the same procedures as described for the 1-week sleep condition on the OPR task, but included sleep EEG recordings. a, OPR memory is indicated by the meanÂ Â±Â s.e.m. discrimination ratio during the first 1Â min and 3Â min of exploration. +PÂ =Â 0.034, for one-sample t-test against chance level. Rats displayed significant OPR memory after 3Â min (as well as for the whole 5-min exploration period). b, OPR performance (discrimination ratio at 1Â min) at the 3-week retrieval test was correlated with sleep spindle duration during the first 30Â min of post-encoding sleep (*PÂ =Â 0.029, Pearsonâ€™s productâ€“moment correlation). A similar correlation with NOR performance at the 3-week retrieval (Fig.Â 3a) points towards a similar mechanism underlying the formation of long-term NOR and OPR memory during sleep.

                          Source Data
                        


Extended Data Fig. 5 Verification of cannula location and muscimol spreading.
a, Coronal brain section showing location of cannula in the dorsal hippocampus (black arrow) together with position of guide cannula in overlying cortex. b, Coronal brain section showing spread of muscimol (red) after infusion into the hippocampus. Experiments were repeated in nÂ =Â 3 rats with similar results. The infusion protocol was the same as in the behavioural experiments. In brief, after implantation of the guide cannula in the dorsal hippocampus, animals were infused using the injection cannulae with 0.5Â Âµl fluorophore-conjugated muscimol47,48. After infusion, animals were intracardially perfused and brains were post-fixed with PFA 4% for 24Â h. Brains were cut on a vibratome to obtain 70-Âµm-thick sections and stained with DAPI (1:5,000Â Âµl in PBS) for 15Â min. Fluorescent images were acquired by epifluorescence microscopy (Axio imager Zeiss, Germany). Scale bars, 1Â mm.


Extended Data Table 1 Sleep parametersFull size table


Extended Data Table 2 Correlations between NOR after 3 weeks and sleep parametersFull size table
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