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            Abstract
Survival in threatening situations depends on the selection and rapid execution of an appropriate active or passive defensive response, yet the underlying brain circuitry is not understood. Here we use circuit-based optogenetic, in vivo and in vitro electrophysiological, and neuroanatomical tracing methods to define midbrain periaqueductal grey circuits for specific defensive behaviours. We identify an inhibitory pathway from the central nucleus of the amygdala to the ventrolateral periaqueductal grey that produces freezing by disinhibition of ventrolateral periaqueductal grey excitatory outputs to pre-motor targets in the magnocellular nucleus of the medulla. In addition, we provide evidence for anatomical and functional interaction of this freezing pathway with long-range and local circuits mediating flight. Our data define the neuronal circuitry underlying the execution of freezing, an evolutionarily conserved defensive behaviour, which is expressed by many species including fish, rodents and primates. In humans, dysregulation of this ‘survival circuit’ has been implicated in anxiety-related disorders.
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                    Figure 1: Glutamatergic vlPAG neurons drive defensive responses.


Figure 2: A disinhibitory pathway from CEA to vlPAG.


Figure 3: GABAergic vlPAG neurons control freezing.


Figure 4: Glutamatergic output to the Mc drives freezing.


Figure 5: Interactions between PAG freezing and flight pathways.
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Extended data figures and tables

Extended Data Figure 1
a, Expression of ChR2 throughout vlPAG in consecutive coronal brain sections51. b, c, Fibre placements in Vglut2-ires-Cre mice of experimental and control groups. d, Supplementary Video stills with superimposed representative movements tracks during the snake open-field test for unconditioned defensive responses. e, Colour-coded plot for a mouse’s motion before, during and after light-mediated inhibition of vlPAG glutamatergic neurons expressing Arch during a snake open-field test session. f, Freezing responses plotted against mouse–snake distance during ‘light on’ and ‘light off’ periods showing no linear correlation. g, Effects of light-mediated inhibition of vlPAG glutamatergic neurons on anxiety-like behaviour in the open field test with no snake present. Inhibition of vlPAG glutamatergic cells resulted in enhanced track length (n = 6 mice, paired two-tailed Student’s t-test) and more frequent visits to the centre of the open field (n = 6 mice, paired two-tailed Student’s t-test). h, Example of an entire snake open-field test session, with track length, freezing episodes and mouse–snake distance. Values are means ± s.e.m.


Extended Data Figure 2
a, In vitro slice recordings of functional connectivity between CEA and GABAergic or glutamatergic neurons in vlPAG. b, Targeting of fluorescently labelled GAD1+ neurons for whole-cell patch clamp recordings (triangle indicates patch pipette, scale bar, 20 μm). c, Example traces of three GAD1+ cells (from three slices of three mice) showing eIPSCs upon light stimulation (10 ms duration) of afferents from the CEA (upper traces), and blockage of eIPSCs by PTX (lower traces). d, Targeting of fluorescently labelled vGluT2+ neurons for whole-cell patch clamp recordings (triangle indicates patch pipette; scale bar, 20 μm). e, Example traces of three light non-responsive vGluT2+ neurons (from the same three slices as in c). f, Quantification of eIPSCs amplitudes. g, Analysis of specificity of AAV-mediated expression of TVA and rabiesG (scale bar, 10 μm). h, Analysis of specificity of TVA-dependent EnvA-ΔG–mCherry–rabies infection (scale bar, 20 μm). i, k, Lack of EnvA-ΔG–mCherry–rabies infection after injection into wild-type mice (scale bar, 100 μm). j, k, Leakiness analysis of the combined AAV and EnvA-ΔG–mCherry–rabies tracing system in wild-type mice (scale bar, 200 μm). Values are means ± s.e.m.


Extended Data Figure 3
a, Electrode placements for the recordings of unidentified single units. b, Placements of optrodes for the recordings of identified neurons. c, Raster-frequency plot of an optically identified vlPAG vGluT2+ neuron. d, A glutamatergic neuron exhibiting marked optical activation during constant illumination for 20 s. e, Identified vGluT2+ neurons (n = 6) showed both increased and decreased activity during freezing. f, g, Fibre placements in Gad2-ires-Cre mice expressing inhibitory or excitatory optical actuators. h, i, Activation of vlPAG GAD2+ neurons resulted in reduced conditioned contextual freezing (n = 12 ChR2, n = 7 control, paired two-tailed Student’s t-test) and lower innate freezing levels during the snake open-field test (n = 10 ChR2, n = 8 control, two-tailed Wilcoxon signed-rank test). j, Optical activation of vlPAG GAD2+ neurons had no effect on freezing in naive mice (n = 8 ChR2, n = 8 control, two-tailed Wilcoxon signed-rank test). Box–whisker plots indicate median, interquartile range, and 5th–95th percentiles of the distribution. *P < 0.05.


Extended Data Figure 4
a, Projection pattern of glutamatergic vlPAG axonal inputs to the rostral medulla. Terminals of vGluT2+ vlPAG projection neurons were labelled by AAV-mediated expression of GFP fused to presynaptic marker synaptophysin (top; scale bar, 400 μm), and ChR2–mCherry expression was visualized using immunohistochemistry (bottom). b, Concomitant AAV-mediated expression of Syn–GFP in vlPAG neurons (left panel, scale bar, 200 μm) labelled presynaptic terminals within Mc (right panel, scale bar, 100 μm). c, High-resolution image of a retrogradely traced Mc pre-motor neuron (rabies–mCherry) and SynGFP+ vlPAG inputs (top), and visualization of identified glutamatergic synaptic contacts (bottom; scale bar, 10 μm). d, e, Density of vGluT2+ vlPAG synaptic inputs to pre-motor neurons in Mc (n = 8 cells from three mice), and quantification of their distribution between the dendritic or somatic compartment. f, Intersectional EnvA-ΔG–mCherry–rabies tracing approach to identify local GABAergic inputs to vlPAG-to-Mc-projecting glutamatergic cells. g, TVA-, rabiesG- and EnvA-ΔG–mCherry–rabies triple-positive cells were identified as starter cells (left panels), while GAD1 and EnvA-ΔG–mCherry–rabies double positive cells indicated presynaptic GABAergic neurons (right panels; scale bar, 20 μm). h, Quantification of GAD1+ or GAD1− presynaptic cells (n = 2 mice; dark grey, rabies+/GAD1+; light grey, rabies+/GAD1−). i, Example picture of glutamatergic vlPAG neurons retrogradely traced from the Mc, expressing ChR2 in presence of Cre and Flp recombinase (scale bar, 200 μm). j, Analysis of viral efficacy and leakiness. Overlaps of ChR delivered by AAV-CreONFlpON-ChR2, HSV-delivered Cre-dependent Flp–mCherry and Cre-dependent β-Gal were quantified in Vglut2::LacZ reporter mice. k, Fibre placement in Vglut2-ires-Cre mice expressing ChR2 in glutamatergic vlPAG-to-Mc projection neurons. l, Example of an entire session of light activation of glutamatergic vlPAG-to-Mc projection neurons, with the mouse’s motion, cumulative track length and light-induced freezing bouts. Values are means ± s.e.m.


Extended Data Figure 5
a, Expression of ChR2 throughout PAG in consecutive coronal brain sections (left), and fibre placements in Vglut2-ires-Cre mice of experimental and control groups (right). b, Light-evoked effect on freezing behaviour induced by activation of different glutamatergic subpopulations of PAG neurons in naive animals (n = 12 PAG, n = 10 vlPAG, n = 7 vlPAG-to-Mc, Kruskal–Wallis test, P < 0.001, Dunn’s multiple comparison post-hoc test). c, EnvA-ΔG–mCherry–rabies-mediated, Cre-dependent monosynaptic retrograde tracing of inputs to GAD2+ and vGluT2+ neurons in the vlPAG and dl/lPAG. d, Rabies-mediated labelling of presynaptic neurons within PMD (left panels) and CEA (right panels) of Gad2-ires-Cre and Vglut2-ires-Cre mice (scale bar, 100 μm). e, Statistical analysis reveals differential input to vGluT2+ (n = 3 mice for each vlPAG and dl/lPAG) and GAD2+ (n = 4 mice) neurons within vlPAG or dl/lPAG. While CEA preferentially targets GAD2+ neurons of the vlPAG (1 × 3 ANOVA, F(2,6) = 21.67, P < 0.01, Tukey’s post-hoc test), vGluT2+ neurons of the dl/lPAG receive stronger inputs from PMD (1 × 3 ANOVA, F(2,7) = 287, P < 0.0001, Tukey’s post-hoc test). f, Cell-type-specific monosynaptic rabies tracing of VMH and LH inputs to vGluT2+ neurons in the dl/lPAG, vlPAG and vlPAG GAD2+ neurons (scale bars in overview, 200 μm; in zoom-in, 25 μm). g, Quantification of starter cells in the PAG and presynaptic cells in CEA and hypothalamic subregions. Boxes indicate median and 25th–75th percentiles of the distribution. **P < 0.01; ***P < 0.001.


Extended Data Figure 6 Schematic representation of the freezing pathway.
PN, projection neuron; IN, interneuron; MN, motor neuron.
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        Editorial Summary
Brain circuits choosing the response to threat
A mouse perceiving a threat has a choice between two principal means of defence: active flight or a passive 'freeze'. Andreas Lüthi and colleagues have used a combination of optogenetic, electrophysiological and neuroanatomical tracing to identify the neural circuits underlying the control of these different strategies. They identify a pathway from the amygdala to the periaqueductal grey that not only mediates freezing, but also interacts with circuits mediating flight. Freezing is an evolutionarily conserved behaviour in many species, including fish, rodents and primates. In humans, dysregulation of this 'survival circuit' has been implicated in anxiety-related disorders.
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