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            Abstract
Persistent neural activity in cortical, hippocampal, and motor networks has been described as mediating working memory for transiently encountered stimuli1,2. Internal emotional states, such as fear, also persist following exposure to an inciting stimulus3, but it is unclear whether slow neural dynamics are involved in this process. Neurons in the dorsomedial and central subdivisions of the ventromedial hypothalamus (VMHdm/c) that express the nuclear receptor protein NR5A1 (also known as SF1) are necessary for defensive responses to predators in mice4,5,6,7. Optogenetic activation of these neurons, referred to here as VMHdmSF1 neurons, elicits defensive behaviours that outlast stimulation5,8, which suggests the induction of a persistent internal state of fear or anxiety. Here we show that in response to naturalistic threatening stimuli, VMHdmSF1 neurons in mice exhibit activity that lasts for many tens of seconds. This persistent activity was correlated with, and required for, persistent defensive behaviour in an open-field assay, and depended on neurotransmitter release from VMHdmSF1 neurons. Stimulation and calcium imaging in acute slices showed that there is local excitatory connectivity between VMHdmSF1 neurons. Microendoscopic calcium imaging of VMHdmSF1 neurons revealed that persistent activity at the population level reflects heterogeneous dynamics among individual cells. Unexpectedly, distinct but overlapping VMHdmSF1 subpopulations were persistently activated by different modalities of threatening stimulus. Computational modelling suggests that neither recurrent excitation nor slow-acting neuromodulators alone can account for persistent activity that maintains stimulus identity. Our results show that stimulus-specific slow neural dynamics in the hypothalamus, on a time scale orders of magnitude longer than that of working memory in the cortex9,10, contribute to a persistent emotional state.
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                    Fig. 1: Persistent activity in VMHdmSF1 neurons evoked by predatory and conspecific cues.[image: ]


Fig. 2: Microendoscopic imaging shows that persistence emerges from population activity.[image: ]


Fig. 3: VMHdmSF1 neurons respond to a threatening auditory stimulus, and encode stimulus identity.[image: ]


Fig. 4: Data constrain the set of computational models for persistent neural activity.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Additional properties of VMHdmSF1+ neuronsâ€™ responses to rat, rat urine, and looming disk stimuli.
a, Peak âˆ†F/F activity in response to rat in home cage (anaesthetized, uncaged stimulus) and a head-fixed set-up (awake, caged stimulus). (home cage group nÂ =Â 4 mice; head-fixed group nÂ =Â 8 mice; meanÂ Â±Â s.e.m.). b, Decay time to 10% of peak (same mice as a; meanÂ Â±Â s.e.m.). c, Rise time constant of rat-evoked activity. (same mice as a; meanÂ Â±Â s.e.m.). d, Decay time constant of rat-evoked activity. (same mice as a; meanÂ Â±Â s.e.m.). e, Schematic illustrating urine presentation to head-fixed mouse for fibre photometry. f, Averaged âˆ†F/F activity traces of SF1+ neurons in response to rat urine or water (nÂ =Â 6 mice, 2 trials per mouse; meanÂ Â±Â s.e.m.). g, Peak âˆ†F/F activity triggered by rat urine or water. (same mice as f; meanÂ Â±Â s.e.m.; P = 0.0001, paired t-test). h, Decay time constant for rat or rat urine response (nÂ =Â 8 mice (rat), nÂ =Â 6 mice (urine), 2 trials per mouse; meanÂ Â±Â s.e.m.; P = 0.025, t-test). i, Looming disk presentation to head-fixed mouse for fibre photometry. j, âˆ†F/F response to rat, toy rat, or looming disk stimuli presented for 10 s in the animalâ€™s home cage (nÂ =Â 4 mice, 1 trial per mouse; meanÂ Â±Â s.e.m.). k, Peak of âˆ†F/F response to rat, toy rat, and looming disk stimuli. (n same as in j; meanÂ Â±Â s.e.m.; rat vs toy, P = 0.04; rat vs looming disk, P = 0.0273, paired t-test).


Extended Data Fig. 2 No change in mouse behaviour due to potential lingering odor from rat.
a, Schematic plot showing experiment protocol: top, a live rat or toy rat (control) was brought to the open field arena in a wire mesh cage for 15 s; bottom, mouse was introduced to arena afterwards immediately. b, Fraction of time spent in edge zone (defined by red dashed line in a) for rat group and control group (nÂ =Â 6 for each group; meanÂ Â±Â s.e.m.). c, Distance from mouse body centre to arena centre. (same mice as b; meanÂ Â±Â s.e.m.). d, Schematic plot showing optogenetic activation protocol. Mice expressing ChR2 in VMHdmSF1 neurons were introduced to the open field arena. After a five-minute habituation period, a ten-second light or mock stimulation was delivered to the mice. e, Fraction of time spent in the edge zone. Dashed lines mark time of rat presentation. (nÂ =Â 4 mice for each group; meanÂ Â±Â s.e.m.; P = 0.0012, repeated measures ANOVA test).


Extended Data Fig. 3 Fibre photometry and VMHdmSF1 neuron silencing in open field rat exposure assay.
a, Fraction of time spent in edge zone during three different time periods: before rat, after rat and after photostimulation offset, corresponding to â€“1 - 0, 0 - 1 and 3 - 4 min intervals in Fig. 1l. (same mice as Fig. 1l; meanÂ Â±Â s.e.m.; control, before vs after rat, P = 1.8e-05, paired t-test; after rat, control vs PS during + after, P = 5.2e-05, t-test; after rat, control vs PS after, P = 0.025, t-test; after PS off, control vs PS during + after, P = 0.024, t-test; after PS off, control vs PS after only, P = 0.046, t-test). b, Mean velocity was not altered by photostimulation of iC++ and control (Cre-dependent iC++ virus injected into wild type littermate) mice. Velocity was measured in mouse home cage and averaged during a three-minute period for light off and light on sessions. (nÂ =Â 7 mice; iC++, light off vs light on, P = 0.7059; control, light off vs light on, p = 0.3537, paired t-test). c, âˆ†F/F activity traces (meanÂ Â±Â s.e.m.) of VMHdmSF1 neurons in response to rat presentation in open field arena. Shaded grey bar denotes the 15 s presentation of rat (nÂ =Â 9 mice). d, Peak âˆ†F/F activity triggered by awake, caged rat in open field arena (nÂ =Â 9) and head-fixed set up (nÂ =Â 8) (meanÂ Â±Â s.e.m.; P = 0.4681, t-test). e, Decay constants of âˆ†F/F activity in open filed arena compared to head-fixed set up (same mice as d; meanÂ Â±Â s.e.m.; P = 0.3633, t-test). f, Comparison of traces (meanÂ Â±Â s.e.m.) for âˆ†F/F activity (blue) and the distance from mouse body centre to arena centre (orange), aligned to time of rat removal. (nÂ =Â 9 mice; distance to centre is plotted as a 30-s moving average.) g, Decay time measured as the time elapsed to reach 50% of the peak for linearly fitted data. (nÂ =Â 9; meanÂ Â±Â s.e.m.; P = 0.4476, paired t-test). h, Scatter plot of âˆ†F/F activity vs. distance from mouse to arena centre, fit by linear regression, for two example mice. Mouse 1, rÂ =Â 0.958, PÂ <Â 0.0001; mouse 2, rÂ =Â 0.808, PÂ <Â 0.0001. i, Pearsonâ€™s correlation coefficient between âˆ†F/F activity and the distance to centre, with the two mice plotted in (h) indicated by colored arrowheads (nÂ =Â 9 mice; meanÂ Â±Â s.e.m.). j, Additional control for optogenetic loss-of-function experiment (see Fig. 1l), using Cre-dependent AAV-DIO-eYFP virus injected into SF1-Cre mice. Green horizontal bar denotes photostimulation period (nÂ =Â 5, eYFP group; nÂ =Â 6, iC++ group (SF1-Cre mice injected with AAV-DIO-iC++). P = 0.0433, repeated measures ANOVA test, meanÂ Â±Â s.e.m.).


Extended Data Fig. 4 Excitatory monosynaptic interconnectivity in VMHdmSF1 neurons, sensitive to glutamate receptor blockade.
a, Schematic illustration of the experimental design used to transduce the majority of VMHdmSF1 neurons with Cre-dependent GCaMP7s and a minority of VMHdmSF1 neurons with Cre-dependent ChrimsonR-tdTomato, for the study of functional connectivity in VMHdm. b, Schematic illustration of the experimental design used to identify functional connectivity among VMHdmSF1 neurons using whole-cell patch-clamp recordings guided by differential expression of GCaMP and ChrimsonR-tdTomato. c, Maximum projection confocal image of a VMHdmSF1 neuron recorded ex vivo, and filled with Neurobiotin conjugated to a far red fluorophore (AlexaFluor647; nÂ =Â 7 neurons recorded and filled in 7 slices from 5 mice). d, Left â€“ Average of voltage-clamp recordings at the reversal of inhibition (VHoldÂ =Â -70 mV) indicative of a post-synaptic response following photostimulation of ChrimsonR (blue line), sensitive to glutamate receptor blockage (black line; nÂ =Â 7 cells from 5 mice, 6/7 cells connected; meanÂ Â±Â s.e.m.). Middle â€“ Quantification of the optically evoked excitatory post-synaptic current in control, vs glutamate receptor blockade conditions (nÂ =Â 7 cells per condition, P = 0.0041, two-tailed paired t-test, box plot elements for control condition; minimumÂ =Â -31.10 pA, 25% percentileÂ =Â -26.60 pA, medianÂ =Â -20.10 pA, 75% percentileÂ =Â -11.80 pA, maximumÂ =Â -0.1 pA, box plot elements for glutamate receptor blockade condition; minimumÂ =Â -2.10 pA, 25% percentileÂ =Â -0.90 pA, medianÂ =Â 0.20 pA, 75% percentileÂ =Â 1.60 pA, maximumÂ =Â 2.2 pA). Right â€“ Frequency distribution of the optically evoked excitatory post-synaptic currents in a 15 ms window. e, Ex vivo single neuron whole-cell patch-clamp electrophysiology and Ca2+ imaging. Left column â€“ Top, presentation of current-clamp recording during which a neuron from the field of view is clamped at -70 mV and depolarizing square pulses are delivered to induce action potential firing. Left column â€“ Bottom, raster plot of Ca2+ imaging recordings identifying Ca2+ responsive cells following electrical stimulation of the patch-clamped neuron (highlighted by the magenta circle, neuron #90). Several other cells respond with an increase in their Ca2+ activity following electrical stimulation (highlighted by colored circles on the top right side of the activity colour plot, neurons #87, #85, #82, #80, #78 and #66. Right â€“ expanded view of the electrophysiology and superimposed imaging traces from four stimulation trials. f, Example cross-correlation colour plot of the Ca2+ activity of the patch-clamped neuron (in this plot Cell #1), against the recorded Ca2+ activity of thirteen other VMHdmSF1 neurons. g, Quantification of follower cells per brain slice, identified as neurons with cross-correlation coefficient >0.6 compared vs. the Ca2+ trace of the electrically stimulated neuron (nÂ =Â 5 brain slices from 5 mice, box plot elements; minimumÂ =Â 2, 25% percentileÂ =Â 2.5, medianÂ =Â 4, 75% percentileÂ =Â 6.5, maximumÂ =Â 8).


Extended Data Fig. 5 Summary of fibre/GRIN lens placements.
a, Map of the recording sites for fibre-photometry mice included in Fig. 1. b, Map of the microscope GRIN lens location for mice illustrated in Figs. 2â€“3. c, Map of the fibre tip locations in optogenetic silencing (iC++) mice illustrated in Fig. 1. d, Map of the recording sites for tetanus toxin light chain (TTX) experiment mice illustrated in Fig. 1. Anatomical images from44.


Extended Data Fig. 6 Confirmation of VMHdm/c population dynamics using in vivo electrophysiology.
a, Schematic illustrating silicon probe recording from VMHdm/c in head-fixed mouse. b, Histogram of the spontaneous firing rate of all recorded cells in VMHdm. Red dotted line indicates that 90% of cells have a spontaneous firing rateÂ â‰¤Â 13Hz. c, Percent of cells excited, inhibited, or not responsive to rat. A similar percentage of rat-responsive cells was detected by microendoscopic imaging of calcium activity (Fig. 3l). d, Mean population firing rate evoked by rat. All firing rates in this figure were estimated in one-second time bins. (nÂ =Â 5 mice, meanÂ Â±Â s.e.m.). e, Rat evoked responses in six example cells. Left, colour map showing the normalized firing rate of individual cells on each of five repeated trials. White dotted lines mark the duration of rat presentation. Right, traces showing the average firing rate over the five trials (meanÂ Â±Â s.e.m.). f, Trial averaged, normalized firing rates of rat-responsive cells, sorted by time of response peak. g, Histogram of times to peak firing rate for rat responsive cells; compare to Fig. 2j (nÂ =Â 370 cells from 5 mice). h, Histogram of times of decay to half of the peak firing rate for rat responsive cells, compare to Fig. 2m (n same as in g). i, Scatter plot comparing cell responses at 2 or 20 s after rat introduction (n same as in g).


Extended Data Fig. 7 Stability of the VMHdmSF1 population response across trials and days.
a, Responses of ten example VMHdmSF1 neurons across three days of imaging, from the nÂ =Â 5 microendoscopic imaging mice. The five stimuli are presented for two trials (tr1, tr2) each day in pseudorandomized order, with ten minutes between stimulus presentations, on 3 consecutive days. Some cells show strong, consistent tuning across all trials/days (cells 1-4). Other neurons show consistent tuning, but have trial-to-trial variability in response sizes (cells 5-7). Others show adaptation of their responses across trials and days (cells 8-10). b, Population mean response to different stimuli on each trial across three days of imaging, showing a decrease in the population response across trials and days. (nÂ =Â 5 mice, meanÂ Â±Â s.e.m.) c, Pearsonâ€™s correlation between stimulus-evoked population activity on day 2 vs day 3 of imaging (nÂ =Â 5 mice, meanÂ Â±Â s.e.m.). While there is some trial-to-trial and day-to-day variability in cellsâ€™ responses, stimulus identity is maintained by the population across days: this is reflected by the higher Pearsonâ€™s correlation of a stimulus with itself than with other stimuli, and by the accuracy of decoders trained to predict stimulus identity from population activity (see Fig. 3m-n, Extended Data Fig. 8). d, Matrix of Pearsonâ€™s correlation between the mean population responses to all stimuli on day A and the responses on day B, for days 1 vs 2, days 2 vs 3, and days 1 vs 3 (mean across nÂ =Â 5 mice). e, Pearsonâ€™s correlation between each cellâ€™s time-averaged response to all five stimuli on day A vs that cellâ€™s responses on day B, plotted against that cellâ€™s response to its most strongly preferred stimulus. Cells with small max responses (lower y-axis values) can show variability in their activity from day to day (reflected in a lower Pearsonâ€™s correlation on the x-axis), while cells that show strong responses to one or more stimuli (higher y-axis values) tend to be more consistent in their stimulus tuning from day to day (higher PCC).


Extended Data Fig. 8 Additional Pearsonâ€™s correlations between stimulus pairs.
Pearsonâ€™s correlation between VMHdmSF1 population activity as a function of time, evoked by all possible pairs of stimuli (nÂ =Â 5 imaged mice; meanÂ Â±Â s.e.m.).


Extended Data Fig. 9 Additional decoder analysis of VMHdmSF1 population activity.
a, Confusion matrix of the five-way NaÃ¯ve Bayes decoder shown in Fig. 3m, showing predicted stimulus identity for each stimulus class. Matrix is normalized so rows sum to 100%. b, Accuracy of a time-dependent five-way NaÃ¯ve Bayes decoder, as a function of time, for each tested stimulus. c, Accuracy of time-dependent binary NaÃ¯ve Bayes decoders trained on all possible pairs of stimuli. The pair of stimuli being decoded for each plot is specified by the labels on the left and top. All plots show meanÂ Â±Â s.e.m. across five imaged mice. Dashed horizontal line indicates chance.


Extended Data Fig. 10 Locally connected model networks.
a, Probability of synapse formation between neuron pairs decreases moderately as a function of â€œdistanceâ€� (neuron number) in the locally connected sRNN model. Segments of the model targeted by rat and USS model input are also shown (blue/purple lines.) b, Example synaptic weight matrix generated from probability matrix shown in a; for visibility every 10th model neuron is shown. c, Example of a more highly structured model network, in which largely separate populations of neurons respond to the rat vs USS model inputs. d, Pearsonâ€™s correlation (left graph) and stimulus-evoked autocorrelation (right graph) for a network model such as that in c, in which network structure results in no overlap between rat and USS representations, whereas the actual data (nÂ =Â 5 mice; dashed black line with grey s.e.m. envelope; data reproduced from Fig. 4) shows partial overlap.
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