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            Abstract
Instinctive reactions to danger are critical to the perpetuation of species and are observed throughout the animal kingdom. The scent of predators induces an instinctive fear response in mice that includes behavioural changes, as well as a surge in blood stress hormones that mobilizes multiple body systems to escape impending danger1,2. How the olfactory system routes predator signals detected in the nose to achieve these effects is unknown. Here we identify a specific area of the olfactory cortex in mice that induces stress hormone responses to volatile predator odours. Using monosynaptic and polysynaptic viral tracers, we found that multiple olfactory cortical areas transmit signals to hypothalamic corticotropin-releasing hormone (CRH) neurons, which control stress hormone levels. However, only one minor cortical area, the amygdalo-piriform transition area (AmPir), contained neurons upstream of CRH neurons that were activated by volatile predator odours. Chemogenetic stimulation of AmPir activated CRH neurons and induced an increase in blood stress hormones, mimicking an instinctive fear response. Moreover, chemogenetic silencing of AmPir markedly reduced the stress hormone response to predator odours without affecting a fear behaviour. These findings suggest that AmPir, a small area comprising <5% of the olfactory cortex, plays a key part in the hormonal component of the instinctive fear response to volatile predator scents.
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                    Figure 1: Higher olfactory areas contain neurons upstream of CRH neurons.[image: ]


Figure 2: Predator odours activate neurons upstream of CRH neurons in AmPir.[image: ]


Figure 3: Chemogenetic activation of the AmPir induces stress hormone increase.[image: ]


Figure 4: Chemogenetic silencing of the AmPir inhibits stress hormone responses to predator odours.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Virus infection and spread in CRH-Cre and wild-type mice.
a, Photographs show a PVN section from CRH-Cre mice crossed with Rosa-floxstop-GFP mice that was co-stained with anti-GFP antibodies (green) (Cre) and a Crh riboprobe (red) (Crh). Co-labelled cells (yellow) can be seen in the merged image, verifying the expression of Cre in CRH neurons. Of GFP+ (Cre+) neurons in PVN sections, 93.9â€‰Â±â€‰0.5% expressed Crh. nâ€‰=â€‰4. Scale bar, 100â€‰Î¼m. b, Photographs show a section through the PVN of a CRH-Cre mouse previously injected with PRVB316 and LVF2TK. The section was co-stained with antibodies for Cre-dependent reporters of PRVB316 (GFP (green)) and LVF2TK (HA (red)). Some co-labelled neurons are seen (arrows), verifying co-infection of some neurons by the two viruses. Scale bar, 200â€‰Î¼m. c, The number of PRVB316+ cells inside or outside the PVN, 4 days after PVN injection of PRVB316 alone (nâ€‰=â€‰2) or PRVB316+LVF2TK (nâ€‰=â€‰24) in CRH-Cre mice or PRVB316+LVF2TK in wild-type (WT) mice (nâ€‰=â€‰3). Error bars indicate s.e.m. In CRH-Cre mice, PRVB316+ cells were seen both inside and outside the PVN after co-injection of PRVB316 and LVF2TK, but only inside the PVN when only PRVB316 was injected. In wild-type mice co-injected with the two viruses, PRV+ cells were not detected either inside or outside the PVN. d, The number of PRV+ cells inside or outside the PVN 3 or 5 days after PVN injection of PRVB177 in CRH-Cre or wild-type mice. nâ€‰=â€‰8 (CRH-Cre mice, day 3), nâ€‰=â€‰6 (CRH-Cre mice, day 5), nâ€‰=â€‰2 (wild-type mice, day 3), nâ€‰=â€‰2 (wild-type mice, day 5). Error bars indicate s.e.m. PRVB177+ neurons were seen both inside and outside the PVN of CRH-Cre mice on both days, but were not detected in wild-type mice at either location.


Extended Data Figure 2 Brain areas with neurons upstream of CRH neurons.
The percentage of all non-PVN PRV+ neurons found in individual brain areas 4 days after PVN injection of the monosynaptic PRV (PRVB316; Mono) (nâ€‰=â€‰24) or on day 3, 4 or 5 after PVN injection of the polysynaptic PRV (PRVB177; Poly) (nâ€‰=â€‰8, 6 and 6, for day 3, 4 and 5, respectively). Error bars indicate s.e.m. See Methods for full names of abbreviated brain areas.


Extended Data Figure 3 Brain areas containing neurons upstream of CRH neurons.
Coloured boxes indicate the approximate number of infected neurons seen in individual brain areas (white indicates none) on day 4 after PVN injection of CRH-Cre mice with the monosynaptic PRV (PRVB316; Mono) (nâ€‰=â€‰24) or on day 3, 4 or 5 after injection with the polysynaptic PRV (PRVB177; Poly) (nâ€‰=â€‰8, 6, and 6, for day 3, 4 and 5, respectively). See Methods for full names of abbreviated brain areas.


Extended Data Figure 4 Biased distribution of neurons upstream of CRH neurons in the pPir, AmPir and MEA.
a, b, Diagrams show the numbers of PRVB177-infected (HA+) neurons on day 4 after PVN injection in sequential 20-Î¼m coronal sections along the anterior (A)â€“posterior (P) axis in different areas of the OC (a) and VA (b). Data are shown in separate panels for four animals for each area. Infected neurons appear to be randomly distributed along the anteriorâ€“posterior axis in some areas, but not others. câ€“e, Photographs of sections immunostained for PRVB177 (HA, green) on day 4 after PVN injection of PRVB177. Sections were counterstained with 4â€²,6-diamidino-2-phenylindole (DAPI). More PRVB177+ neurons are seen in the posterior than anterior pPir (c) and AmPir (d). In the MEA (e), more are seen in the posteroventral (pv) quadrant than other quadrants (posterodorsal (pd), anterodorsal (ad), and anteroventral (av)). Scale bars, 200â€‰Î¼m. fâ€“h, The percentages of PRVB177-infected neurons in the anterior versus posterior halves of the pPir (f) and AmPir (g) and in different quadrants of the MEA (h). nâ€‰=â€‰4. Error bars indicate s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001. Paired t-test (f, g) and paired one-way analysis of variance (ANOVA) with post-hoc Tukeyâ€™s test (h). Infected neurons were concentrated in the posterior halves of the pPir and AmPir and were more abundant in the posteroventral quadrant of the MEA than in other quadrants.


Extended Data Figure 5 Expression of glutamatergic and GABAergic markers in PRV-infected neurons.
aâ€“c, Photographs of sections through the pPir (a), AmPir (b) or MEAp (c) 4 days after PVN injection of PRVB177. Sections were co-stained with antibodies against HA (PRVB177) (green) and riboprobes (red) for Vglut1 and Vglut2 (Vglut1/2), to identify glutamatergic neurons (Glu), or Gad1 and Gad2 (Gad1/2), to identify GABAergic neurons (GABA). Sections were counterstained with DAPI. Arrowheads indicate co-labelled neurons. Numerous PRV-infected neurons were co-labelled for Vglut1/2 in all three areas, but only the MEAp contained many co-labelled for Gad1/2. Scale bars, 100â€‰Î¼m. d, The percentage of PRVB177+ neurons co-labelled for glutamatergic (Vglut1/2+) or GABAergic (Gad1/2+) markers in different areas of the OC and VA. PRV+ neurons unlabelled by either probe could express other neurotransmitters or neuromodulators or reflect PRV effects on RNA transcription or degradation. nâ€‰=â€‰4 mice per condition. Error bars indicate s.e.m. Most of the co-labelled PRV+ cells in the olfactory areas were co-labelled for the glutamatergic makers, but the MEA also contained some co-labelled for the GABAergic markers.


Extended Data Figure 6 TMT and bobcat urine activate CRH neurons and induce stress hormone increases.
a, Photographs of PVN sections from CRH-Cre mice crossed with Rosa-floxstop-GFP mice. Mice were exposed to water (H2O), rabbit urine, bobcat urine or TMT and sections were then co-stained with antibodies against GFP (green), to identify CRH neurons, and c-Fos (red), to detect activated neurons. Higher magnifications of boxed areas are shown on the right. Many CRH neurons (GFP+) expressed c-Fos after exposure to bobcat urine or TMT, but not rabbit urine. Scale bars, 100â€‰Î¼m (left) and 20â€‰Î¼m (right). b, The percentage of PVN CRH (GFP+) neurons immunostained for c-Fos after odour exposure of CRH-Cre mice crossed with Rosa-floxstop-GFP mice. Exposure to bobcat urine or TMT, but not rabbit urine, increased the percentage of CRH neurons expressing c-Fos. nâ€‰=â€‰6 mice per condition. Error bars indicate s.e.m. ***Pâ€‰<â€‰0.001, one-way ANOVA with post-hoc Dunnettâ€™s test. c, d, Plasma ACTH (c) or corticosterone (d) concentrations were measured in wild-type mice after odour exposure. Exposure of animals to TMT or bobcat urine increased blood levels of ACTH and corticosterone, whereas exposure to rabbit urine did not. nâ€‰=â€‰6 mice per condition. Error bars indicate s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, one-way ANOVA with post-hoc Dunnettâ€™s test (c) or Kruskalâ€“Wallis test with post-hoc Dunnâ€™s test (d).


Extended Data Figure 7 Locations of infected neurons after injection of AAV-DIO-hM3Dq-mCherry.
aâ€“c, AAV-DIO-hM3Dq-mCherry was injected into the AmPir (a), pPir (b) or MEA (c) and brain sections immunostained for mCherry to detect infected neurons. Shown are schematic sections from a mouse brain atlas30 that correspond to immunostained sections. The target area (AmPir, pPir or MEA) is indicated in purple for each section. Regions that contained the nuclei of mCherry+ neurons are indicated in red. Schematic sections are shown for six mice per area that were injected with CNO to test the effects of activating the area.


Extended Data Figure 8 Locations of infected neurons after injection of AAV-DIO-hM4Di-mCherry.
aâ€“c, AAV-DIO-hM4Di-mCherry was injected into the AmPir (a, b) or PLCo/PMCo (c) and brain sections immunostained for mCherry to detect infected neurons. Shown are schematic sections from a mouse brain atlas30 that correspond to immunostained sections. The location of the AmPir is indicated in purple (aâ€“c), and the location of the PLCo/PMCo is indicated in green (c). Regions that contained the nuclei of mCherry+ neurons are indicated in red in each section. Schematics are shown for six mice per area (per condition) injected with CNO and then exposed to bobcat urine (a, c) or TMT (b) to test the effects of silencing the AmPir or PLCo/PMCo.


Extended Data Figure 9 Effect of neuronal silencing on the activation of neurons by predator odours.
aâ€“c, AAV-DIO-hM4Di-mCherry was injected into the AmPir (a, b) or PLCo/PMCo (c). Animals were later injected with CNO or saline and exposed to bobcat urine (a, c) or TMT (b). Brain sections were hybridized with an Arc riboprobe and the number of cells labelled for nArc was determined for the AmPir, PLCo and PMCo. Histograms show the number of cells with nArc in each area after injection with CNO or saline and exposure to predator odour. On the basis of the numbers of nArc+ neurons, silencing of AmPir neurons caused a significant decrease in AmPir and PLCo neurons activated by bobcat urine (a) and by AmPir (but not PLCo) neurons activated by TMT (b). Silencing of the PLCo/PMCo (c) caused a significant decrease in neurons activated by bobcat urine in the PLCo, but not the AmPir or PMCo. nâ€‰=â€‰6â€“7 per condition. Error bars indicate s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, unpaired t-test.
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        Editorial Summary
Neural circuits responsive to predator odours
Exposure to volatile predator scents triggers an instinctive fear response in mice, including a surge in the stress hormones corticotrophin-releasing hormone (CRH), adrenocorticotropic hormone (ACTH) and corticosterone. Such stereotyped responses are likely to be mediated by hard-wired neural circuits, but the olfactory areas involved have so far remain unknown. Here Linda Buck and colleagues identify the amygdalo-piriform transition area as the only olfactory area upstream of hypothalamic CRH neurons that is activated by volatile predator odours, and show that this area mediates hormonal but not behavioural fear responses to these odours.
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