Gisella Vetere 
  
Lina M Tran 
  
Sara Moberg 
  
Patrick E Steadman 
  
Leonardo Restivo 
  
Filomene G Morrison 
  
Kerry J Ressler 
  
Sheena A Josselyn 
email: sheena.josselyn@sickkids.ca
  
Paul W Frankland 
email: paul.frankland@sickkids.ca
  
  
Memory formation in the absence of experience

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

INTRODUCTION

Animals readily learn to associate cues present in the environment with biologically-salient events (e.g., presence of an appetitive food stimulus or aversive danger stimulus). Memory for this association then guides future decisions, promoting approach or avoidance of those previously neutral environmental cues, respectively. Classical, as well as more recent molecular and transgenic approaches, have localized key components of memory traces underlying these types of associations to specific brain regions and neural circuits. In parallel, electrophysiological and imaging approaches have identified patterns of neuronal activity that correspond to particular experiences [START_REF] Eichenbaum | Still searching for the engram[END_REF][START_REF] Josselyn | Finding the engram[END_REF][START_REF] Tonegawa | Memory Engram Cells Have Come of Age[END_REF] . Therefore, given this current level of understanding about how memories are localized and coded in the brain, it should be possible to reverse engineer this process and artificially implant a memory for an otherwise never experienced event.

To successfully implant an artificial memory, two criteria have been proposed [START_REF] Martin | New life in an old idea: the synaptic plasticity and memory hypothesis revisited[END_REF] . First, the 'learning event' should take place entirely intra-cranially, via, for example, direct stimulation of the brain. Second, the presence of the implanted memory should be demonstrated via presentation of a 'real' external sensory retrieval cue, and the behavioral manifestation of this memory retrieval should accurately reflect the predicted content of the stored information (in the example above, approach for an appetitive stimulus or avoidance for an aversive stimulus).

Moreover, behavioral responding (reflecting memory retrieval) should be restricted to the 'trained' cue (and not unrelated cues).

In the laboratory, conditioning has typically been studied using tones, lights, or contexts as initially-neutral sensory cues. While these more complex stimuli act as effective conditioned stimuli (CS) in a range of paradigms, it is difficult to predict which patterns of neural activity correspond to a specific stimulus a priori and therefore difficult to recreate artificially by direct stimulation of the brain. In contrast, the anatomical and molecular organization of the olfactory system is well characterized in the mouse, and spatially stereotyped across individuals [START_REF] Buck | A novel multigene family may encode odorant receptors: a molecular basis for odor recognition[END_REF][START_REF] Buck | The molecular architecture of odor and pheromone sensing in mammals[END_REF][START_REF] Firestein | How the olfactory system makes sense of scents[END_REF][START_REF] Mombaerts | Visualizing an olfactory sensory map[END_REF][START_REF] Ressler | Information coding in the olfactory system: evidence for a stereotyped and highly organized epitope map in the olfactory bulb[END_REF][START_REF] Wang | Odorant receptors govern the formation of a precise topographic map[END_REF] . Here, these properties allowed us to mimic an external odor CS via direct stimulation of a specific olfactory glomerulus. We paired this olfactory glomerulus stimulation with either rewarding or aversive artificial brain stimulation (the unconditioned stimulus, US). We then asked whether these intracranial conditioning procedures had resulted in memory implantation by presenting an external, retrieval cue (odor) that the mouse had not previously experienced. We found that presentation of an odor (acetophenone), that corresponded to the targeted olfactory glomerulus (and importantly, not another odor), induced natural memory recall-the mice either approached or avoided this odor, depending on the valence (positive or negative, respectively) of the US pathway we stimulated during 'training'.

RESULTS

Pairing acetophenone with footshock produces conditioned odor aversion

We first trained mice to form a real odor associative memory [START_REF] Jones | Learning-dependent structural plasticity in the adult olfactory pathway[END_REF][START_REF] Morrison | Extinction reverses olfactory fear-conditioned increases in neuron number and glomerular size[END_REF] . During training, an odor CS, acetophenone, was paired with delivery of a mild footshock US. Memory was assessed one day later in a neutral, novel, rectangular apparatus containing the conditioned odor (acetophenone) and a distinct odor (carvone) at either end (Fig. 1a and Supplementary Fig. 1); notably, acetophenone and carvone activate distinct odorant receptor (OR) populations.

During this memory test, conditioned mice avoided the acetophenone odor, spending more time on the carvone side of the apparatus. Training-naïve mice did not show preference for either side of the apparatus, indicating that there was no innate aversion or attraction to either odor. Moreover, conditioning depended upon the pairing of the CS and US during training. Mice presented with the CS and the US in a temporally unpaired manner during training (US│CS group) or the CS or US alone (CS only, US only groups) did not avoid the CS (acetophenone) in subsequent tests (Fig. 1b,c). Preference was not confounded by distance travelled by mice in the test session (Supplementary Fig. 2).

Pairing M72 photostimulation with footshock produces conditioned odor aversion to the

M72-activating odorant, acetophenone

In the nose, odors are detected by olfactory sensory neurons (OSNs), dispersed across the olfactory epithelium. In mice, each OSN expresses one of ~1000 distinct types of ORs, and axons from OSNs expressing the same OR converge onto one or two glomeruli in each olfactory bulb [START_REF] Buck | A novel multigene family may encode odorant receptors: a molecular basis for odor recognition[END_REF][START_REF] Buck | The molecular architecture of odor and pheromone sensing in mammals[END_REF][START_REF] Firestein | How the olfactory system makes sense of scents[END_REF][START_REF] Mombaerts | Visualizing an olfactory sensory map[END_REF][START_REF] Ressler | Information coding in the olfactory system: evidence for a stereotyped and highly organized epitope map in the olfactory bulb[END_REF][START_REF] Wang | Odorant receptors govern the formation of a precise topographic map[END_REF] . Acetophenone, but not carvone, strongly activates OSNs expressing the M72 OR (encoded by the olfr160 gene 13 ) (Supplementary Fig. 3).

This stereotyped anatomical and molecular organization of the olfactory system makes it possible to genetically target specific OSNs in the mouse. Therefore, we next asked whether it is possible to replace presentation of acetophenone (an M72-activating odorant, real CS) with direct optogenetic stimulation of the M72 olfactory glomerulus (and therefore associated M72expressing OSN axon terminals, artificial CS) in our conditioning paradigm. We used mice that express a channelrhodopsin2-YFP fusion protein in M72-expressing OSNs (M72-ChR2 mice) [START_REF] Smear | Multiple perceptible signals from a single olfactory glomerulus[END_REF] (Fig. 1d,e and Supplementary Video). During training, photostimulation of the M72 glomerulus (10 s, 4 Hz) was paired with footshock delivery (1 s, 0.7 mA) for 10 trials. (Supplementary Fig. 4). Although these mice had never previously been exposed to acetophenone, they avoided this M72-activating odorant during the subsequent test, spending more time on the carvone side of the apparatus. Similar to conditioning with an actual odor, learning produced by optogenetic stimulation of M72 depended upon the pairing of the artificial CS and footshock US during training. Mice that received either M72 photostimulation alone (CS only group) or mice in which M72 photostimulation and footshock delivery was unpaired during training (US│CS group) exhibited no preference (Fig. 1f,g). These controls indicate that photostimulation of the M72 glomerulus does not alter preference to the M72-activating odor acetophenone.

Pairing M72 photostimulation with photostimulation of LHb inputs to VTA produces conditioned odor aversion to the M72-activating odorant, acetophenone

In these experiments, trained mice avoided acetophenone even though they had not encountered this odor before. However, there remains an experiential, somatosensory component to the learning since footshocks were delivered during training. Therefore, we next asked whether memory formation was possible in the absence of experience by additionally replacing the aversive US with direct optogenetic stimulation. A previous study identified a projection from lateral habenula (LHb) to the medial ventral tegmental nucleus (mVTA) that mediates aversion [START_REF] Lammel | Input-specific control of reward and aversion in the ventral tegmental area[END_REF] , and, therefore, we reasoned that direct stimulation of this pathway might mimic an aversive US.

To optogenetically target this pathway, we injected AAV-ChR2 into the LHb, and implanted an optrode above the labelled terminal projections in the mVTA in M72-ChR2 mice (Fig. 2a-c).

During training, we paired photostimulation of the M72 glomerulus (CS) with photostimulation of LHb-mVTA projections (US) (Supplementary Fig. 5), and then tested preference for real odors one day later. In this test, mice avoided the acetophenone (M72-activating odorant) side of the apparatus. Similar to mice conditioned with real stimuli, this avoidance depended on the pairing of the artificial CS and artificial US since avoidance was not observed in the unpaired training condition (US│CS group) (Fig. 2d,e).

Pairing M72 photostimulation with photostimulation of LDT inputs to VTA produces conditioned odor attraction to the M72-activating odorant, acetophenone

A second input from the laterodorsal tegmental nucleus (LDT) to the lateral VTA (lVTA) mediates rewarding signals [START_REF] Lammel | Input-specific control of reward and aversion in the ventral tegmental area[END_REF] , and pairing acetophenone with a food reward induces preference for the acetophenone side of the apparatus (Supplementary Fig. 6). Therefore, we next asked whether pairing photostimulation of the M72 glomerulus with photostimulation of this rewarding pathway would induce attraction, rather than aversion, to M72-activating odorants such as acetophenone. We microinjected AAV-ChR2 into the LDT, and implanted an optrode above labelled terminal projections in the lVTA in M72-ChR2 mice (Fig. 2f-h). During training, we paired photostimulation of the M72 glomerulus (CS) with photostimulation of reward-inducing LDT-lVTA projections (US) (Supplementary Fig. 5), and then tested real odor preference one day later. In this test, mice spent more time in the acetophenone side of the apparatus. Similar to the avoidance memory, this conditioned attraction depended on pairing the artificial CS with the artificial US during training (i.e., no preference in US│CS group; Fig. 2i,j).

The absence of odor preference in this unpaired condition again supports the idea that there is no innate aversion or attraction for either of the two test odorants. More importantly, our finding that VTA photostimulation supported either conditioned aversion or attraction, depending on which input pathway was targeted, excludes the possibility that non-specific heat or light effects of VTA photostimulation act as an aversive US in these experiments. Consistent with this, pairing acetophenone with VTA photostimulation (in the absence of ChR2 expression) did not produce conditioned aversion of acetophenone (Supplementary Fig. 7).

Retrieval of 'artificial' and 'real' odor memories engages similar neural circuits

In these experiments, mice behaved as if they had experienced a specific past sensory event.

Therefore, we next asked whether this 'artificial' memory and the 'real' odor memory engaged similar neural circuitry. Mice were randomly assigned to one of two training conditions: CS only (i.e., acetophenone or M72 photostimulation) or CS + US (i.e., acetophenone + shock or M72 photostimulation + LHb-mVTA aversive photostimulation) (Fig. 3a,b). Following training, induction of the activity-regulated gene, c-Fos, was assessed in 18 brain regions, including central olfactory system regions and regions implicated in associative memory (Fig. 3c). Posttraining CS presentation (i.e., acetophenone or M72 photostimulation) induced widespread c-Fos expression within these regions in both CS only and CS + US groups compared to naïve (home cage) controls (Fig. 3d,e and Supplementary Fig. 8). Notably, across brain regions, levels of c-Fos expression were highly correlated between both real and artificial conditions (CS only: r = 0.80, p < 0.001; CS + US: r = 0.77, p < 0.005; Supplementary Fig. 9), suggesting that acetophenone presentation and M72 photostimulation activated similar neural circuits. However, learning-specific activation (i.e., CS + US > CS only) was observed in only the BLA for both real and artificial memories (Fig. 3f-i).

The basolateral amygdala is essential for recall of 'artificial' and 'real' odor memories

The above analysis suggest that the BLA is one region where CS and US signals might interact during artificial conditioning. Previous studies indicate that this region plays a key role in real odor fear memories [START_REF] Cousens | Both pre-and posttraining excitotoxic lesions of the basolateral amygdala abolish the expression of olfactory and contextual fear conditioning[END_REF] and, therefore, we next asked whether chemogenetic silencing of the BLA before testing would similarly block expression of artificially-generated odor memories. We virally expressed the inhibitory DREADD (designer receptor exclusively activated by designer drug), hM4Di in the BLA, and then injected the DREADD agonist 21 (C21) [START_REF] Thompson | DREADD agonist 21 (C21) is an effective agonist for muscarinic based DREADDs in vitro and in vivo[END_REF] or vehicle prior to testing.

For the 'real' memory group, WT mice received acetophenone paired with footshock during training (Fig. 4a-c). In a preference test one day later, vehicle-treated mice avoided the acetophenone side of the apparatus. However, mice treated with C21 before testing expressed no preference (Fig. 4d,e). We additionally trained groups of mice that did not express hM4Di in the amygdala, and injected them with either vehicle or C21 prior to testing. In this preference test, both vehicle-and C21-treated mice avoided the acetophenone side of the apparatus (Supplementary Fig. 10). This indicates that impaired memory expression requires both the receptor (hM4Di) and ligand (C21), and excludes the possibility that C21 alone is responsible for altered behavior.

For the 'artificial' memory group, M72-ChR2 mice received photostimulation of the M72 glomerulus paired with photostimulation of the aversion-inducing LHb-mVTA projection (Fig. 4f-h). In a preference test one day later, whereas vehicle-treated mice avoided the acetophenone side of the apparatus, C21-treated mice expressed no preference (Fig. 4i,j). In a subset of mice, we confirmed that C21 treatment reduced activation of hM4Di-expressing neurons in the BLA following recall of real and artificial memories (Supplementary Fig. 11). These results confirm previous inactivation studies showing that the BLA plays an essential role in the expression of olfactory fear memories [START_REF] Cousens | Both pre-and posttraining excitotoxic lesions of the basolateral amygdala abolish the expression of olfactory and contextual fear conditioning[END_REF][START_REF] Walker | Glutamate receptor antagonist infusions into the basolateral and medial amygdala reveal differential contributions to olfactory vs. context fear conditioning and expression[END_REF] , and reveal a similarly essential role for BLA activity in expression of artificially-generated odor fear memories.

DISCUSSION

Previous engram studies in mice have tagged neuronal populations that are active during learning with excitatory and inhibitory opsins [START_REF] Josselyn | Finding the engram[END_REF][START_REF] Tonegawa | Memory Engram Cells Have Come of Age[END_REF] . Subsequent manipulation of these experience-tagged neuronal populations may invoke memory expression in the absence of retrieval cues [START_REF] Cowansage | Direct reactivation of a coherent neocortical memory of context[END_REF][START_REF] Gore | Neural Representations of Unconditioned Stimuli in Basolateral Amygdala Mediate Innate and Learned Responses[END_REF][START_REF] Liu | Optogenetic stimulation of a hippocampal engram activates fear memory recall[END_REF][START_REF] Yiu | Neurons are recruited to a memory trace based on relative neuronal excitability immediately before training[END_REF] , prevent memory expression in the presence of retrieval cues [START_REF] Gore | Neural Representations of Unconditioned Stimuli in Basolateral Amygdala Mediate Innate and Learned Responses[END_REF][START_REF] Denny | Hippocampal memory traces are differentially modulated by experience, time, and adult neurogenesis[END_REF][START_REF] Tanaka | Cortical representations are reinstated by the hippocampus during memory retrieval[END_REF][START_REF] Rashid | Competition between engrams influences fear memory formation and recall[END_REF] , or allow experienced stimuli to become associated with new stimuli [START_REF] Ramirez | Creating a false memory in the hippocampus[END_REF][START_REF] Redondo | Bidirectional switch of the valence associated with a hippocampal contextual memory engram[END_REF] or with one another [START_REF] Rashid | Competition between engrams influences fear memory formation and recall[END_REF][START_REF] Ohkawa | Artificial association of pre-stored information to generate a qualitatively new memory[END_REF] . In contrast, in the current study, memory formation occurred in the absence of any sensory experience (either CS or US).

The resulting artificial memory shared many characteristics with a real odor memory. Its formation depended on CS/US contingency during training. Moreover, both real and artificial memories engaged similar neural circuits, and depended upon BLA activity for their expression.

Although memory may be characterized as the retention of experience-created (or modified) representations across time [START_REF] Dudai | Science of Memory: Concepts[END_REF] , the current study indicates that it is possible to entirely bypass experience and, via direct stimulation of the brain, implant a specific memory in mice.

Our study builds on notable earlier work that used electrical stimulation to target brain stem and cerebellar circuits controlling conditioned motor reflexes in awake, behaving rabbits [START_REF] Shinkman | Classical conditioning with electrical stimulation of cerebellum as both conditioned and unconditioned stimulus[END_REF][START_REF] Steinmetz | Classical conditioning in rabbits using pontine nucleus stimulation as a conditioned stimulus and inferior olive stimulation as an unconditioned stimulus[END_REF] . In these experiments, Thompson and colleagues stimulated putative CS and US pathways. Following paired stimulation of these pathways, direct stimulation of the CS pathway alone was sufficient to produce conditioned responding. Since conditioning was accomplished via direct electrical stimulation of the brain, these studies address the first criterion suggested for memory implantation: That 'learning' should be accomplished entirely intracranially [START_REF] Martin | New life in an old idea: the synaptic plasticity and memory hypothesis revisited[END_REF] .

However, these earlier studies do not address the second criterion: Demonstration of memory implantation via presentation of a 'real' external sensory retrieval cue [START_REF] Martin | New life in an old idea: the synaptic plasticity and memory hypothesis revisited[END_REF] . In this earlier work, the conditioning procedure did not lead to the implantation of any specific information in the brain.

Rather, paired direct stimulation induced some plasticity in the cerebellum, which could then be read out via stimulation of the same circuit [START_REF] Shinkman | Classical conditioning with electrical stimulation of cerebellum as both conditioned and unconditioned stimulus[END_REF][START_REF] Steinmetz | Classical conditioning in rabbits using pontine nucleus stimulation as a conditioned stimulus and inferior olive stimulation as an unconditioned stimulus[END_REF] . In contrast, in the current work, the precise anatomical and molecular organization of the olfactory system allowed us to mimic an external odor CS via direct stimulation of a specific olfactory glomerulus. This allowed us to ask whether our intracranial conditioning procedures had resulted in memory implantation by presenting an external, retrieval cue (odor) that the mouse had not previously experienced. We found that presentation of an odor (acetophenone), that corresponded to the targeted olfactory glomerulus (and importantly, not another odor), induced natural memory recall-the mice either approached or avoided this odor, depending on the valence (positive or negative, respectively) of the US pathway we stimulated during training.

While our intracranial stimulation procedures induced artificial conditioning, several questions remain. First, how do artificial CS and US signals interact in the brain? We found that BLA activity was necessary for the expression of both real and artificial odor memories. This finding is consistent with previous studies showing that plasticity in this region plays a key role in the formation and expression of odor fear memories [START_REF] Walker | Glutamate receptor antagonist infusions into the basolateral and medial amygdala reveal differential contributions to olfactory vs. context fear conditioning and expression[END_REF]32,[START_REF] Sevelinges | Olfactory fear conditioning induces field potential potentiation in rat olfactory cortex and amygdala[END_REF] , and therefore the BLA represents at least one point of convergence between CS and US signals during this type of conditioning. However, this does not exclude the possibility that CS and US signals interact elsewhere in the brain during real and artificial odor conditioning. Indeed, during real odor conditioning, plastic changes may even occur in olfactory sensory neurons in the nose and in their synapses with olfactory bulb, indicating convergence may additionally occur at very early stages of sensory processing [START_REF] Jones | Learning-dependent structural plasticity in the adult olfactory pathway[END_REF][START_REF] Morrison | Extinction reverses olfactory fear-conditioned increases in neuron number and glomerular size[END_REF][START_REF] Mcgann | Associative learning and sensory neuroplasticity: how does it happen and what is it good for?[END_REF] .

Second, might photostimulation of other putative US pathways additionally support conditioning? In our experiments we targeted inputs to the VTA. The advantage of targeting this region was that equivalent VTA photostimulation could be used to condition either attraction or aversion, depending on which input was targeted [START_REF] Lammel | Input-specific control of reward and aversion in the ventral tegmental area[END_REF] . However, these pathways do not represent the only pathways that can provide instructive signals during conditioning [START_REF] Herry | Encoding of fear learning and memory in distributed neuronal circuits[END_REF] . For example, activation of the periaqueductal gray [START_REF] Ozawa | A feedback neural circuit for calibrating aversive memory strength[END_REF][START_REF] Di Scala | Evidence of Pavlovian conditioned fear following electrical stimulation of the periaqueductal grey in the rat[END_REF][START_REF] Kim | Dorsal periaqueductal gray-amygdala pathway conveys both innate and learned fear responses in rats[END_REF] , parabrachial nucleus [START_REF] Han | Elucidating an Affective Pain Circuit that Creates a Threat Memory[END_REF][START_REF] Sato | The lateral parabrachial nucleus is actively involved in the acquisition of fear memory in mice[END_REF] and anterior cingulate cortex [START_REF] Tang | Pavlovian fear memory induced by activation in the anterior cingulate cortex[END_REF][START_REF] Johansen | Glutamatergic activation of anterior cingulate cortex produces an aversive teaching signal[END_REF] may support aversive learning. Similarly, activation of mesolimbic circuits may support appetitive learning [START_REF] Tye | Optogenetic investigation of neural circuits underlying brain disease in animal models[END_REF] . It is quite likely that combining M72 photostimulation with photostimulation of these regions or pathways would similarly induce conditioned avoidance and attraction, respectively. 

M72 photostimulation (CS) + VTA photostimulation (US):

To photostimulate LHb or LDT axonal input to the VTA, 15 pulses of 5 ms light flashes were delivered at 30 Hz every 2 s (473 nm, 20 mW) throughout the 15 min training session during which M72 photostimulation occurred continuously (473 nm, 100 ms, 4 Hz, 20 mW) (Figure S5), according to [START_REF] Lammel | Input-specific control of reward and aversion in the ventral tegmental area[END_REF] .

General behavioral procedures

Odor preparation: An M72-activating odorant (acetophenone [A10701 Sigma-Aldrich] and a non-M72-activating odorant ((S)-(+)-carvone [124931 Sigma-Aldrich]) were used. Odorants were diluted in mineral oil (40% concentration) and stored in light-shielded vials. Before use, odorant (50 µl) was placed on filter paper on an inverted Petri dish lid (60 mm × 15 mm), and covered by a perforated Petri dish and cage bedding (Supplementary Fig. 1a).

General experimental procedures and apparatus:

There were three phases to the experiments: 1) Pre-exposure (Day 1), 2) Train (Day 2) and, 3) Test (Day 3). Mice were pre-exposed and tested for preference in a custom-designed preference test chamber (white Plexiglas, 15 cm × 45 cm × 25 cm) that was divided into two equally-sized compartments (Supplementary Fig. 1b). Training (pairing a real or artificial CS with a real or artificial US) took place in a distinct, stainless steel chamber (31 cm × 24 cm × 21 cm), with shock-grid floors (bars 3.2 mm diameter, spaced 7.9 mm apart). The front, top and back of the chamber were clear acrylic and the two sides were modular aluminum (Med Associates, St. Albans, VT). The CSs and USs (both real and artificial) were delivered as outlined below.

Pre

Experiments using real CS (acetophenone) and real US (footshock):

Mice were pre-exposed as above. On day 2 (training), mice were placed in the training chamber scented with acetophenone (40% concentration, 50 µl volume, placed in tray at the bottom of the chamber), and 1 min later 10 footshocks (1 s, 0.7 mA, 1 min apart) were delivered. After the final footshock, mice remained in the training chamber for 60 s, before being returned to their home cage. On day 3 (test), mice were placed in the test chamber with Petri dishes containing either acetophenone or carvone located each compartment (the location of which was counterbalanced).

Experiments using real CS (acetophenone) and real US (food):

During training, fooddeprived mice (24 h) were placed in the testing chamber (with the central divider removed) and a Petri dish, scented with acetophenone (50 µl volume), was placed in the center of the apparatus.

Small pieces of rodent chow were sprinkled throughout the bedding covering the Petri dish.

Following training, mice remained food-deprived and were tested for acetophenone vs. carvone preference 24 h later (Supplementary Fig. 6a). 

Experiments using artificial CS (M72 photostimulation

Experiment 2 (M72 photostimulation [CS] paired with foot shock [US]

): Three groups of mice were used in this experiment. On day 1, mice were pre-exposed to the testing apparatus. Fos (rabbit, 1:500, SC-52; Santa Cruz Biotechnology, Santa Cruz, CA) for 48 h at 4 °C. Sections were washed, incubated with Alexa 568 or 633 goat anti-rabbit secondary antibody (1:500, Invitrogen) for 24 h at 4 °C.

Sections were washed, mounted on slides and coverslipped using PermaFluor mounting medium.

Nuclei were counterstained with DAPI (Vectashield, Vector Labs Burlingame, CA). Images were obtained using a confocal laser scanning microscope (LSM 710; Zeiss).

To analyze c-Fos positive nuclei in the network of brain regions (Experiments 5a and 5b), entire brain sagittal sections were acquired at 20X magnification using the tile scan function. Analysis of c-Fos positive nuclei was performed using Imaris (Bitplane, Zurich, Switzerland) software.

The borders of regions were defined manually according to the Franklin and Paxinos mouse brain atlas [START_REF] Paxinos | The mouse brain in stereotaxic coordinates[END_REF] . See Fig. 3c for sections acquired and regions selected. All imaging and analyses were performed blind to the experimental conditions.

To visualize projections, sections were acquired using the tile scan function and filtered images were digitally combined to produce composite images using Photoshop software.

To assess chemogenetic inhibition of the BLA region (Experiment 8), virally infected neurons were detected at lower magnification (2X objective), then images were acquired at higher magnification (20X objective, 5 z stacks of 1mm each). Equal cut-off thresholds were applied to all captures to remove background autofluorescence. AAV-hM4D-mCherry positive cells costained with c-Fos were quantified using Image J software (National Institute of Health, Bethesda, MD).

iDISCO+ clearing and immunolabeling

Dissected intact olfactory bulbs as well as rostral portion of the forebrain were immunolabeled and cleared with an iDISCO+ protocol [START_REF] Renier | Mapping of Brain Activity by Automated Volume Analysis of Immediate Early Genes[END_REF][START_REF] Renier | iDISCO: a simple, rapid method to immunolabel large tissue samples for volume imaging[END_REF] . iDISCO+ included methanol dehydration, bleaching overnight in 5% hydrogen peroxide in methanol solution, and rehydration. Samples were then permeabilized (2 d at 37 ºC with shaking) and placed in blocking solution [1x PBS with 0.2% Tween-20 and 10 mg/ml heparin (PTwH) mixed with 10% DMSO and 6% Normal Goat Serum 

Light sheet imaging and image processing

Sample images were acquired on a light-sheet microscope (Ultramicroscope I, LaVision BioTec) using a custom 3D printed base and optical adhesive (Norland Products, Optical Adhesive 61).

Imaging parameters were a 4 µm z-step size, 2.6 µm in-plane resolution, 400 ms exposure using multi-channel acquisition for 568 and 633 excitation wavelengths (60% laser power). Images were stitched using Fiji imaging software [START_REF] Preibisch | Globally optimal stitching of tiled 3D microscopic image acquisitions[END_REF] . The 3D projections were rendered using Imaris x64 (Bitplane, v9.0.2) with a gamma correction for visualization purposes used for Sytox Orange.

Statistical analyses and reproducibility

We evaluated both normality (Kolmogorov-Smirnov test) and homogeniety of variance (Bartlett or Brown-Forsthe test) for all data sets. For datasets that were normally distributed and had equivalent variance parametric ANOVAs or 2 tailed t-tests (for independent samples) were used to assess group differences in behavior (e.g., preference, distance moved) or histology (e.g., c-Fos induction). Newman-Keuls post-hocs were used to directly assess group differences following ANOVA, where appropriate. One sample t-tests (2 tailed) were used to assess whether mice expressed conditioned aversion or attraction (contrast vs. no preference; i.e., percent time acetophenone -percent time carvone = 0). For datasets where one or more of these assumptions was violated, we used a non-parametric Kruskal-Wallis ANOVA, followed by planned comparisons using Mann-Whitney U tests. Pearson's correlations were used to assess linear relationships between variables (i.e., CS-induced c-Fos expression in real vs. artificial memory groups). Data were analyzed using GraphPad Prism software (GraphPad Software Inc, La Jolla,

CA).

In all experiments, mice were randomly assigned to different experimental conditions. In behavioral experiments, the experimenter was not blind to the training condition. For the c-Fos analyses, the analyses were performed blind to the experimental condition. In behavioral experiments, multiple cohorts of experimental/control mice were run and yielded equivalent results. Pooled data from all cohorts are shown, and analyzed. Only mice that satisfied a priori histological criteria (correct optrode placement, and viral infection limited to target region) were included in analyses.No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in previous publications [START_REF] Morrison | Extinction reverses olfactory fear-conditioned increases in neuron number and glomerular size[END_REF] .

Reporting summary

Further information on research design is available in the Nature Research Reporting Summary, linked to this article. 

Figure 1 .

 1 Figure 1.│ Pairing either acetophenone or M72 photostimulation with footshock produces conditioned odor aversion. a, Mice were presented with different combinations of an odor CS (acetophenone) and US (footshock) during training, and tested 24 hours later in a neutral apparatus containing the CS (acetophenone) at one end, and a distinct odor, carvone, at the other. (CS + US group, n = 15 mice; home cage [HC], n = 8 mice; US only, n = 15 mice; CS only, n = 8 mice; US│CS group, n = 12 mice). b, In a 10 min test, only conditioned mice (CS + US) avoided acetophenone (2-tailed, one sample t test vs. zero preference: CS + US group, t 14 = 4.66, P = 0.004). The shaded region represents standard error of the mean (s.e.m.) for the CS + US group (red) and control groups (grey). c, Summary data showing conditioned mice differed from each control group (unequal variance, Kruskal-Wallis, chi-squared (4) = 15.73, P = 0.0034; Mann-Whitney U planned comparisons: CS + US vs. HC, U = 16, P = 0.0032, CS + US vs. US only, U = 39.5, P = 0.0017, CS + US vs. CS only, U = 23, P = 0.0159, CS + US vs. US│CS, U = 36, P = 0.0074). Error bars = s.e.m. d, M72 glomeruli expressing ChR2-YFP (green) in the olfactory bulb of M72 mice. Scale bar = 500 µm. e, Mice were presented with different combinations of M72 photostimulation (CS) and footshock (US) during training, and tested 24 h later in a neutral apparatus containing acetophenone and carvone (CS + US group, n = 18 mice; CS only, n = 8 mice; US│CS group, n = 8 mice). f, In this test, only conditioned mice (CS + US) avoided acetophenone (2-tailed, one sample t

Figure 2 .

 2 Figure 2.│Generation of artificial memories by pairing M72 photostimulation with photostimulation of distinct LHb inputs into the VTA. a, b. During training, M72 OSN afferent photostimulation was explicitly paired (CS + US, n = 12 mice) or not (US│CS, n = 8 mice) with photostimulation of the LHb terminal field in mVTA, and preference for M72-activating odorant (acetophenone) vs. non-M72-activating odorant (carvone) tested 24 h later. c, Low and high magnification (inset) images showing labeled LHb-VTA projections (pink) following infection of LHb with AAV-ChR2. Low magnification image scale bar, 400 µm. High magnification image scale bar, 100 µm. d, In the test, only conditioned mice (CS + US) avoided acetophenone (2tailed, one sample t test vs. zero preference: t 11 = 4.96, P = 0.0004). The shaded region represents s.e.m. for the CS + US group (pink) and US │CS group (grey). e, Summary data showing preference in conditioned mice differed from control mice (2-tailed t test: t 18 = 2.67, P = 0.016). Error bars = s.e.m. f, g. During training, M72 photostimulation was explicitly paired (CS + US, n = 10 mice) or not (US│CS, n = 10 mice) with photostimulation of the LDT terminal field in lVTA, and preference for M72 odorant (acetophenone) vs. non-M72 odorant (carvone) tested 24 hours later. h, Low and high magnification (inset) images showing labeled LDT-VTA projections (sky blue) following infection of LDT with AAV-ChR2. Low magnification image scale bar, 400 µm. High magnification image scale bar, 100 µm. i, In the test, only conditioned mice (CS + US) were attracted to acetophenone (2-tailed t test vs. zero preference: t 9 = 2.92, P = 0.017). The shaded region represents s.e.m. for the CS + US group (blue) and US │CS group (grey). j, Summary data showing preference in conditioned mice differed from control mice (2-tailed t test: t 18 = 2.45, P = 0.025). Error bars = s.e.m.

Fig. 3 .

 3 Fig. 3.│Real and artificial memories engage similar neural circuits. a, b. In the real memory condition, during training mice were presented either with acetophenone alone (CS only, n = 6 mice) or with acetophenone paired with footshock (CS + US, n = 6 mice). In the artificial memory condition, during training mice received either M72 photostimulation alone (CS only, n = 8 mice) or M72 photostimulation paired with photostimulation of LHb-VTA projection (CS + US, n = 7 mice). c. One day later, CS-induced c-Fos induction was analyzed in the central olfactory system, and regions involved in associative memory. d, e. Fold changes in c-Fos expression in CS+US vs. CS only groups in the real and artificial memory conditions (compared to naïve control mice; dotted black line). The shaded area represents s.e.m. f, g. Elevated c-Fos induction in the BLA in mice that formed a real memory (2-tailed t test: CS + US > CS only, t 10 = 2.97, P = 0.014). h, i. Elevated c-Fos induction in the BLA in mice that formed an artificial memory (2-tailed t test: CS + US > CS only, t 12 = 3.24, P = 0.0071). Dotted black lines represent c-Fos expression levels in naïve control mice. Error bars represent s.e.m. Abbreviations: AO = anterior olfactory nucleus; DTT = dorsal tenia tecta; Pir = piriform cortex; Tu = olfactory tubercle; LOT = nucleus of the lateral olfactory tract; PLCo = posterolateral cortical amygdaloid nucleus; PMCo = posteromedial cortical amygdaloid nucleus; APir = amygdalopiriform transition area; Lent = lateral entorhinal cortex; BLA = basolateral amygdaloid nucleus; BMA = basomedial amygdaloid nucleus; Ce = central amygdaloid nucleus; La = lateral amygdaloid nucleus; CA1 = field CA1 of the hippocampus; RTn = rostromedial tegmental nucleus; VO = ventral orbital cortex; Cg = cingulate cortex; V1 = primary visual cortex.

Fig. 4 .

 4 Fig. 4. │ Silencing BLA prevents expression of a real and artificial odor memories. a, c. AAV-hM4Di-mCherry was injected into the BLA of WT mice. b. During training, acetophenone was paired with footshock. Before testing, mice were treated with VEH (n = 11) or C21 (n = 9). d. Only VEH-treated mice avoided acetophenone (2 tailed, one sample t test vs. zero preference: t 10 = 3.70, P < 0.0041). The shaded regions represents s.e.m. for VEH-and C21-treated groups respectively. e. Summary data showing preference in VEH-and C21-treated mice differed (2 tailed t test: t 18 = 2.24, P = 0.038). Error bars = s.e.m. f, h. M72-ChR2 mice received infusions of AAV-hM4Di-mCherry into the BLA and AAV-ChR2 into LHb. Optrodes were implanted

  -exposure was 20 min in length, while the test was 10 min and occurred 1d following training (this did not vary between experiments). During the pre-exposure phase, each compartment contained a non-scented Petri dish. During the preference test, each compartment contained a scented Petri dish [acetophenone or (S)-(+)-carvone, location randomly determined]. Mouse behavior throughout the test was monitored via overhead cameras. Fiji ImageJ was used to track mouse position and a customized code in R (version 3.2.2) computed distance moved, and percent time spent in either compartment. During the test, mouse preference was calculated as: percent time acetophenone -percent time carvone .

  photostimulaiton of the M72 glomerulus (Supplementary Fig.5).

(

  NGS)] for 2 d at 37 ºC with shaking. Samples were incubated in the primary antibody solution (PTwH with 5% DMSO and 3% NGS) with anti-GFP (chicken, 1:2000, Aves Lab 1020) for 3 d at 37 ºC with shaking. Samples were washed 5 times with PTwH for 1 h each with the final wash overnight. Samples were incubated in secondary antibody solution (PTwH with 3% NGS) and anti-chicken Alexa Flour 633 (goat, 1:2000,Thermofisher A-21103) for 3 d at 37 ºC with shaking, followed by washes [5 times with PTwH, the final overnight wash included Sytox Orange (1:2000, Thermofisher S34861)]. Clearing consisted of methanol dehydration with samples left overnight in 100% methanol, then incubated for 3 h in 66% dichloromethane (DCM, Sigma 270997)/ 33% methanol. Samples were washed twice in 100% DCM for 15 minutes and then placed in 100% Dibenzyl Ether (DBE, Sigma 108014).
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The authors declare no competing interests. above M72 glomerulus and VTA. g. During training, M72 photostimulation was paired with photostimulation of LHb-VTA projections. Before testing, mice were treated with VEH (n = 7) or C21 (n = 7). i. Only VEH-treated mice avoided acetophenone (2 tailed, one sample t test vs. zero preference : t 6 = 2.76, P = 0.033). The shaded region represents s.e.m. for VEH-and C21treated groups respectively. j. Summary data showing preference in VEH-and C21-treated mice differed (2 tailed t test: t 12 = 2.42, P = 0.033). Error bars = s.e.m.

METHODS

Mice

Two lines of mice were used in these experiments. In experiments in which acetophenone was paired with either footshock or food to produce 'real' odor memories, we used wild-type (WT) mice. These WT mice were F1 derived from a cross between C57BL/6NTac and 129S6/SvEvTac mice (Taconic Farms, Germantown, NY). In experiments in which photostimulation of the M72 olfactory glomerulus was paired with footshock or stimulation of inputs into the ventral tegmental area (VTA), we used transgenic mice that express a channelrhodopsin2-YFP fusion protein in M72-expressing OSNs (M72-ChR2 mice) [START_REF] Smear | Multiple perceptible signals from a single olfactory glomerulus[END_REF] . These mice were obtained from Jackson Laboratory on a mixed C57B6/129 background (Bar Harbor, Maine, USA, stock number 021206). Experimental transgenic mice were the F1 offspring produced by breeding homozygous M72-ChR2 mice together.

All mice were bred in our colony at The Hospital for Sick Children. After weaning at P21, same sex mice were group-housed in standard mouse housing cages (2-5 per cage). Rooms were maintained on a 12 h light/dark cycle and behavioral testing occurred during the light phase of the cycle. Mice were 8-9 weeks of age at the start of all experiments. Both male and female mice were used in all experiments, and mice were randomly assigned to different experimental conditions. All procedures were approved by Hospital for Sick Children Animal Care and Use Committee and conducted in accordance with Canadian Council on Animal Care (CCAC) and US National Institutes of Health (NIH) guidelines on Care and Use of Laboratory Animals.

Surgery

Anesthesia: Mice were pre-treated with atropine sulfate (0.1 mg/kg, i.p.), anesthetized with chloral hydrate (400 mg/kg, i.p.), and then placed into stereotaxic frames. After surgery, mice were treated with analgesic (Ketoprofen, 5 mg/kg, s.c.) and 1 ml of 0.9% saline (s.c.) to prevent dehydration During training mice either received CS + US (N = 18), CS only (N = 8), or US│CS (N = 8). For the unpaired condition, the US and CS were presented as described above, only separated by 24 h. Acetophenone vs. carvone preference was tested one day after training. For the unpaired condition, the US and CS were presented as described above, only separated by 24 h. Acetophenone vs. carvone preference was tested one day after training. 

Experiment 4a (acetophenone [CS] paired with food [US]):

Experiment 5a (c-Fos induction after recall of a real memory):

During training, mice either received acetophenone paired with footshock (CS + US; N = 6) or acetophenone only (CS only; N = 6). 24 h later, mice were placed in a regular Nalgene, mouse housing cage (without bedding) for a 6 min test during which the odor CS (acetophenone) was presented. 90 mins later mice were perfused and their brains were processed for immunohistochemistry.

Experiment 5b (c-Fos induction after recall of an artificial memory):

During training mice either received M72 photostimulation paired with LHb-mVTA photostimulation (CS + US; N = 7) or M72 photostimulation (CS only; N = 8). 24 h later, mice were placed in a regular Nalgene, mouse housing cage (without bedding) for a 6 min test during which mice 5 presentations of the artificial CS (10 s photostimulation, spaced 1 min apart). 90 mins later mice were perfused and their brains were processed for immunohistochemistry. In both Experiments 5a and 5b, we normalized c-Fos expression in CS+US and CS only groups to levels in naïve mice (N = 11).

Experiment 6 (BLA silencing and expression of a real memory):

Two groups of mice were used in this experiment. During training, mice received acetophenone paired with footshock (as above). 24 h later, mice were tested as above except that 1 h before the test mice either received a systemic injection of the DREADD agonist C21 (ref [START_REF] Thompson | DREADD agonist 21 (C21) is an effective agonist for muscarinic based DREADDs in vitro and in vivo[END_REF] ) (1 mg/kg, i.p., Tocris) (N = 9) or VEH (PBS) (N = 11). In addition, 2 groups of mice not expressing hM4Di were trained and tested, as above. Prior to testing, mice received either VEH (N = 12) or C21 (N = 12).

Experiment 7 (BLA silencing and expression of an artificial memory): Two groups of mice were used in this experiment, which was designed similar to Experiment 6. During training though, mice received M72 photostimulation paired with LHb-mVTA photostimulation (as described above). 24 h later, mice were tested as above except that 1 h before the test, mice either received a systemic injection of the DREADD agonist C21 (1 mg/kg, i.p.) (N = 7) or VEH (N = 7).

Experiment 8: In vivo assessment of chemogenetic inhibition:

To verify that C21 inhibits the activity of neurons expressing hM4Di, we microinjected AAV-DJ-hSyn-HA-hM4D(Gi)-mCherry bilaterally into the BLA of mice. 4 weeks later, mice were trained and tested as described above (Experiments 6 and 7), and perfused 90 min later. Brains were collected and processed for c-Fos immunohistochemistry [START_REF] Vetere | Chemogenetic Interrogation of a Brain-wide Fear Memory Network in Mice[END_REF] . In these analyses, sample sizes ranged from N = 3-4.

Immunohistochemistry

Sagittal brain slices (50 μm) were incubated with blocking solution (0.1% BSA, 2% NGS, 0.3% Triton X-100) for 1 h at room temperature. In order to visualize AAV-ChR2 labelled projections (Figs. 2c, 2h and4h), sections were incubated with primary antibodies raised against tyrosine hydroxylase (TH, chicken, 1:1000, Aves Labs, Inc) for 48 h at 4 °C. Sections were washed, incubated with Alexa Fluor 568 goat anti-chicken secondary antibody (1:500, Invitrogen) for 24 h at 4 °C.

In order to visualize c-Fos expression following recall of either real or artificial memories (Fig. 3 and Supplementary Fig. 8), sections were incubated with a primary antibody raised against c-

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to Paul Frankland (paul.frankland@sickkids.ca). 
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