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Evading imminent threat from predatorsis critical for animal survival. Effective
defensive strategies can vary, even between closely related species. However, the
neural basis of such species-specific behaviours remains poorly understood'™.
Here we find that two sister species of deer mice (genus Peromyscus)® show different
responses to the same looming stimulus: Peromyscus maniculatus, which occupies

densely vegetated habitats, predominantly escapes, whereas the open field
specialist, Peromyscus polionotus, briefly freezes. This difference arises from
species-specific escape thresholds, is largely context-independent, and can be
triggered by both visual and auditory threat stimuli. Using immunohistochemistry
and electrophysiological recordings, we find that although visual threat activates
the superior colliculus in both species, the role of the dorsal periaqueductal grey
(dPAG) indriving behaviour differs. Whereas dPAG activity scales with running
speed in P. maniculatus, neural activity in the dPAG of P. polionotus correlates
poorly with movement, including during visually triggered escape. Moreover,
optogenetic activation of dPAG neurons elicits acceleration in P. maniculatus but
notin P. polionotus, and their chemogenetic inhibition during alooming stimulus
delays escape onset in P. maniculatus to match that of P. polionotus. Together, we
trace species-specific escape thresholds to a central circuit node, downstream of
peripheral sensory neurons, localizing an ecologically relevant behavioural
difference to aspecific region of the mammalian brain.

Tosurviveinthe wild, animals must respond to external sensory stimuli
withactionsthatare appropriate for their local environment. Variation
in behavioural responses may arise through learning or behavioural
plasticity, or evolve through heritable changes of the underlying
neural circuitry. In the latter case, changes in sensory detection and/
or processing have been shown to underlie behavioural evolution
(for example, host preference in mosquitos’ and food preference
in birds?, cockroaches* and fruit flies?). When known, these sensory
changes are most often due to genetic changes in peripheral sen-
sory systems (for example, odour or taste receptors and opsins®’,
but see ref. 8). By contrast, how evolution modifies central neural
circuits to alter the innate behavioural responses of animals is less
well understood’.

Visual stimuli have long been used to study defensive behaviours.
Afamous exampleis Tinbergen’srecordings of the behaviour of birds
exposed to cardboard models of aerial predators'®™. This paradigm
has since been modified to study naturalistic antipredator response to
overhead visual stimuli under controlled conditions'> ™. In this assay,
laboratory mice (genus Mus) tend to freeze when exposed to agliding

overhead predator (‘sweeping’ stimulus), and often flee or escape when
exposed to anattacking predator (‘looming’ stimulus). Robust behav-
ioural responses, such as these, have been used to uncover the under-
lying neural circuits, including a key role for the superior colliculusin
translating visual stimuliinto appropriate defensive reactions?® %, with
projections from the retinorecipient superficial superior colliculus
(sSC) to, for example, the deep layers of the superior colliculus (dSC)
and on to the dPAG**?. Notably, dPAG neurons have been shown to
command theinitiation of escape actions”°,

These defensive behaviours, and the brain regions involved, may
diverge inspecies that have evolvedin distinct environments, in which
different defensive strategies may be more or less effective®. Deer mice
(genus Peromyscus) occupy diverse habitats across North America®,
including species livingin the underbrush of densely vegetated habitats
(P. maniculatus) or those specialized for life in exposed, open fields
with little to no vegetation (P. polionotus). Using these two ecologi-
cally divergent sister species, we show that they differ in behavioural
response to the same visual threat and thenidentify alocusin the neural
circuit where evolution is likely to have acted.
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Fig.1|Evolution of defensive behaviour in ecologically distinct Peromyscus
species. a, Phylogenetic relationship of three focal Peromyscus species with
representative photographs of their natural habitat. Image credit: Aimee
Tomcho (P. leucopus habitat), Yu Man Lee (P. maniculatus habitat), Hopi
Hoekstra (P. polionotus habitat). b, Schematic representation of the sweep-
looming stimulus. ¢, Defensive response of Mus musculus (C57Bl6 strain) during
the sweep-looming stimulus. Rows representindividual trials (n =14 mice,
tested twice). Trialsare sorted by escape onset during the looming stimulus,
with earliestontop.Speedisindicated by acolour gradient.d, Representative
movement trajectories of individual mice (n =10) of P. leucopus, P. maniculatus
and P. polionotus during 0.4 s before stimulus onset (left), during sweeping

Species-specific defences in Peromyscus

To test whether defensive behaviours differ among animals from dis-
tinct habitats, we selected two closely related species of Peromyscus:
the open field specialist P. polionotus subgriseus, and densely vegetated
prairie inhabitant, P. maniculatus bairdii. A third species, Peromyscus
leucopus, whichis largely sympatric with P. maniculatus, was included as
anoutgroup to determine thelineage in which any observed differences
evolved (Fig.1a). To quantify defensive behaviours, we placed mice in
anopenarenathatincluded arefuge (a hut; Extended DataFig. 1a) and
measured their response to an overhead ‘sweep-looming’ stimulus,
which resembles an aerial predator searching for (sweep), and then
rapidly descending upon (looming), its prey (Fig. 1b). In this assay, labo-
ratory mice decelerated during the sweeping phase of the stimulus and
accelerated duringits looming phase (Fig.1c), consistent with previous
findings®. Similarly, wild-derived, laboratory-born adults of each Pero-
myscus species generally decelerated and largely remained immobile
during the sweeping phase of the stimulus (Fig. 1d,e, Extended Data
Fig.1b,cand Supplementary Videos1and 2). Conversely, the response
duringthe looming phase of the stimulus revealed marked differences
between species (Fig.1d,e, Extended DataFig.1b,c and Supplementary
Videos 1and 2). Both P. maniculatus and P. leucopus accelerated and
ranrapidly across the arena (‘escaping’; Extended Data Fig.1d,e), often
towards the refuge. By contrast, the open field specialist, P. poliono-
tus, tended to remain immobile (‘freezing’; Extended Data Fig. 1d,f).
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(middle) and duringlooming (right). Timeisindicated by a colour gradient.

e, Defensive response of Peromyscus species during the sweep-looming
stimulus. Rows represent individual mice (P. polionotus, n=26; P. maniculatus,
n=29;P.leucopus,n=28).Trialsare sorted by escape onset during the looming
stimulus, with earliest on top. Speed colour gradientisthe sameasinc. Three
barsabove eachraster plotindicate the time period of the trajectories shown
ind,and forloomingare centred on the peak mean speed of each species. Line
plotsrepresent mean speed + 95% confidence interval (Cl); horizontal shaded
linesrepresent the 95% confidence interval of meanspeed averaged acrossthe
60 sbefore stimulus onset.

Notably, we did not observe any species-specific differencesinbehav-
iour before the onset of the sweep-looming stimulus (Extended Data
Fig. 1c). Phylogenetic comparison suggests that freezing in response
toaloomingstimulusis derived, and therefore the change in defensive
response probably evolved along the P. polionotus lineage. Because
the largest behavioural difference observed was in response to loom-
ing (Extended Data Fig. 1d,g,h and Supplementary Videos 3 and 4),
we focused on this threat stimulus for subsequent experiments.

Escape thresholds differ between species

With increasing threat intensity, prey animals often switch from
immobility to rapid escape™*2. To determine whether P. maniculatus
and P. polionotus show similar changes in behaviour, we exposed a
new cohort of each species to five repetitions of alooming stimu-
lus that varied in contrast (threat intensity; Fig. 2a and Extended
Data Fig. 2a). At low contrast (32%), most individuals of both species
froze (16 out of 27 P. maniculatus and 28 out of 41 P. polionotus), and
only a few mice escaped (10 out of 27 P. maniculatus and 12 out of 41
P.polionotus). As the contrast level increased, the proportion of escap-
ing mice increased in both species, but the rate of change differed
between the species (Fig. 2a). For example, at intermediate contrast
(72%), most P. maniculatus (24 out of 25) but few P. polionotus (6 out
of 28) escaped, whereas at high contrast (100%), the proportion of
mice that escaped was not significantly different between species
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Fig.2|Escape threshold differences underlie species-specific behaviour.
a, Left,behaviouralresponseto five repetitions of visual threat of varying
intensity (looming contrast: 32%, 72% or 100%). Rows represent individual mice
of P.maniculatus (left) and P. polionotus (right). Trials are sorted by latency to
escape threshold. Right, proportion of individual mice of P. maniculatus and
P. polionotus showing escape (top) and freezing (bottom) across these and
additional contrast levels (far right; escape, 32% contrast P=0.685, 55%
contrastP=4x107*,72% contrast P=2x107,86% contrast P=9 x107*,100%
contrast P=0.052; freezing, 32% contrast P= 0.615, 55% contrast P=4 x 107,
72% contrast P=2x107,86% contrast P=0.002,100% contrast P=0.0177).

b, Cumulative proportion of individual mice showing escape during 100%
contrastloomingstimulus (latency, P=0.009; proportion, P=0.052).

(25 out of 27 P. maniculatus and 22 out of 32 P. polionotus). However,
even at high contrast, the onset of escape was significantly delayed
in P. polionotus (Fig. 2b and Extended Data Fig. 2b), because 73% of
P.polionotusindividuals that eventually escaped initially froze at the
onset of the stimulus (Fig. 2c and Supplementary Video 5). Notably,
although the proportion of mice that showed a visible behavioural
reaction to the detection of the stimulus increased with contrast in
both species, and was overall higher in P. maniculatus (Extended Data
Fig.2c), the species-specific responses were not different in this subset
ofindividuals (Extended Data Fig. 2d). Moreover, contrast sensitivity
curves obtained from single-neuron recordings in the sSC did not differ
between the two species (Extended DataFig. 2f-h), suggesting thata
differencein stimulus detection does not explain the species-specific
behavioural responses. Together, we find that both species are more
likely to freeze at low threat levels and more likely to escape at high
threatlevels, but that the threat level (‘threshold’) at which each spe-
cies switches from freezing to escape differs: P. maniculatus transi-
tion to escape behaviour at an approximately twofold lower threat
intensity than P. polionotus.
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¢, Cumulative percentage of escaping mice that either escaped without first
freezing (solid line) or that first froze and then transitioned to escape (dashed)
(P=0.006).d-f,Raster plots and cumulative proportion of individual mice
showing escape and freezing during a single looming stimulus (100% contrast)
inthe presence of hut (d; escape, P=4 x107*; freezing, P= 0.007), in the
absence of hut (e; escape, P=2 x107%; freezing, P= 0.009), and during asound
frequency upsweep (f; escape, P= 0.005; freezing, P=5x107*). Two-sided
chi-squared test (proportion, cumulative proportion and cumulative
percentage), two-sided Kolmogorov-Smirnov test (escape onset distribution).
Pm, P. maniculatus; Pp, P. polionotus.*P < 0.05; **P < 0.01; ***P< 0.001;

***+p < (0.0001; NS, not significant.

We next tested whether the availability of a refuge and/or stimu-
lus modality affect the observed differences in defensive behaviour.
First, we compared the response to a single looming stimulus of two
new cohorts that either had access to arefuge or not. Unlike inlabora-
tory mice®, the species-specific responses were recapitulated in the
absence of the hut (escape with hut: 21 out of 28 P. maniculatus and
6 out of 26 P. polionotus; escape without hut: 17 out of 23 P. manicu-
latus and 1 out of 20 P. polionotus) (Fig. 2d,e), suggesting that they
are not driven by differences in the perception of safety afforded by
the refuge. Notably, of the mice that escaped after five repetitions
of the high-contrast looming stimulus (Fig. 2a-c), the majority of
P. polionotus, but not P. maniculatus, retreated into the hut (63.6%
versus 28.0%; Extended Data Fig. 2e), suggesting that P. polionotus
escape primarily to seek safety in a refuge. To determine whether the
observed behavioural differences are specific to visual stimuli, we
exposed anew cohortto an aversive ultrasound frequency upsweep®->*,
Although the auditory stimulus was overall less salient than the visual
stimuli, we again observed remarkably similar species-specific behav-
iour: many P. maniculatus accelerated and some escaped (12 out of
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Fig.3|Differential activation of dPAG neurons during escape behaviour.
a,Schematic of behavioural assay. Midbrain regions of interest: deep medial
superior colliculus (dmSC) (orange) and dPAG (green). Adapted from Allen
Mouse Brain Atlas (https:/mouse.brain-map.org and https://atlas.brain-map.
org).b,Meanspeed during escape of P. maniculatus (P=0.001) and P. polionotus
(P=0.001) (looming: P. maniculatus n =13, P. polionotus n = 38; control:
P.maniculatusn =6, P. polionotus n=4).Filled circles indicate samples stained
for FOS. ¢, Representative images of FOS expressionindmSC and dPAG. Scale
bars, 500 pm. Dashed white boxes indicate regions shownind,e. dISC, deep
lateralsuperior colliculus. d,e, Images (left) and quantification (right) of

FOS’ cellsinthe dmSC (d) and dPAG (e) of control and looming-exposed mice
(looming, P. maniculatus, n=9; P. polionotus, n=15; controls, n=6; dSC:
P.maniculatus, P=2x10"%, P. polionotus, P= 0.003; dPAG: P. maniculatus,
P=6x10"%,P.polionotus, P=0.213).Scalebars, 50 pm. f, Quantification of FOS*
cellsindPAG as afunction of number of FOS* cellsin dmSC of looming-exposed

24 escaped and 5 out of 24 froze), whereas P. polionotus primarily dis-
played freezing behaviour (1 out of 19 escaped and 15 out of 19 froze)
(Fig. 2fand Supplementary Videos 6 and 7). Collectively, these data sug-
gest that the species-specificbehaviour is consistent with context- and
modality-independent differences in escape threshold.

Differential dPAG activation during escape

We next sought to identify the neural circuit components that generate
the observed differencesin defensive behaviour. Our electrophysiologi-
calrecordingsin head-fixed mice suggest that visual threatinformation
isfaithfully relayed to theretinorecipient sSCinboth species (Extended
DataFig.2f-h). Moreover, we found that an aversive auditory stimulus
canrecapitulate the visually triggered behaviour, suggesting the neural
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mice (species, P=0.007;dmSC, P=0.004).g, Number of FOS* cells in dPAG
asafunction of meanspeed during escape inlooming-exposed mice (species,
P=3x10"*speed, P=0.001). Encircled points indicate samples selected for
analysisinh,i.h, Representativeimages of FOS (top), GAD1 (middle) and merged
(bottom) stainingin the dPAG. Yellow arrowheads indicate double-labelled cells.
Scalebars, 50 pm. i, Proportion of FOS* excitatory (VGluT2 (also known as
Slc17a6); top) and inhibitory (Gadl; bottom) dPAG neuronsin subset of

control and strongly escaping mice. Model fitand 95% confidence interval
areshown. Points represent tissue sections (VGluT2, looming: P. maniculatus
n=6,P.polionotusn =8, controls:n=9; Gadl,looming: P. maniculatusn=7,
P.polionotusn =8, controls: n=9), collected fromthree mice per species
(VGluT2, P. maniculatus, P=0.003, P. polionotus, P= 0.014; Gadl, P. maniculatus,
P=0.001, P. polionotus, P=0.228). Statistical significance evaluated with
mixed-effects models.

mechanism is likely to be located downstream of visual and auditory
inputs (Fig. 2f). Because the medial dSC and dPAG have a central role
in mediating escape behaviours in response to both visual and audi-
tory stimuliinrodents*?*35*° we hypothesized that differences in the
recruitment of these brain regions could explain the species-specific
responses at the behavioural level.

Totest this hypothesis, we characterized neural activationin the dSC
and dPAG during an escape response, using the immediate early gene
product FOS as a proxy*.. We first confirmed that prolonged exposure
to high-contrast looming stimuli triggered repeated escape in both
species (asinFig. 2). After dark adaptation, we exposed individuals to
25 sets of 5 looming stimuli, or grey background, and recorded their
behavioural responses (Fig. 3a). As expected, P. maniculatus escaped
more frequently and faster than P. polionotus, but escaping mice
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(with more and faster escapes than control mice) could be identified
in both species (Fig. 3b and Extended Data Fig. 3a,b). In a subset of
these mice, representing the species-typical responses, we counted
the number of FOS™ cells (Fig. 3¢). First, inlooming-exposed individu-
als of both species, we found alarger number of FOS" cells, compared
with control mice, in the medial dSC, but not the lateral dSC, which
view the upper and lower visual field, respectively*, consistent with
the overhead position of the looming stimulus (Fig. 3d and Extended
DataFig.3c-f).Inthe medial dSC, the number of FOS* cells correlated
well with mean speed during escape but not species identity (Extended
Data Fig. 3k). Thus, the dSC was active in looming-exposed mice, but
levels of neural activation did not differ between species.

By contrast, the dPAG showed species-specific differences in neu-
ral activation. Overall, the number of FOS* cells was high in looming-
exposed P. maniculatus, butlow in P. polionotus (Fig. 3e and Extended
Data Fig. 3g—j). Variation in dPAG activation across looming-exposed
mice correlated withdSCactivationand mean speed during escape, but
notwiththe number of escapes (Fig. 3f,g and Extended Data Fig. 3[; see
also Extended DataFig.4d,e). However, dPAG activationin P. manicula-
tuswas consistently around 1.5-fold higher compared with P. polionotus
across dSC activation levels or escape speeds (Fig. 3f,g). Thus, exposure
tovisual threat and resulting escape movement does not increase the
number of FOS" cells in the dPAG of P. polionotus to the same extent as
in P. maniculatus.

In Mus, escapeisinitiated by excitatory neuronsin the dPAG, and its
ongoing execution and termination has been linked to inhibitory dPAG
neurons??**, Using single-molecule fluorescentinsitu hybridization,
we examined the transmitter identity of neurons in a subset of these
mice, withstrongescape responses and similar numbers of FOS* cellsin
the dPAG (Fig.3g). We found that both species possess similar numbers
of excitatory and inhibitory neurons in the dSC and dPAG, and both
classesare activated inthe dSC of the same mice during visually evoked
escape (Extended Data Fig. 3m-o0). However, whereas excitatory dPAG
neuronswere activated in both species, we detected a higher number of
FOS'inhibitory neuronsin the dPAG of looming-exposed P. maniculatus,
butnotP. polionotus (Fig. 3h,i). In addition, although excitatory neurons
of the dPAG were similarly activated in both species relative to dPAG
neurons in general, inhibitory neurons in looming-exposed P. man-
iculatus were approximately 1.5-fold more frequently activated than
expected (Extended DataFig.3p). Together, these immunohistochem-
istry results suggest that visually evoked escape in P. polionotus does
notrecruit the full ensemble of dPAG neurons, in particular inhibitory
neurons, thatis activated in P. maniculatus.

dPAG neurons encode different properties

To determine whether the differences in FOS activation during visu-
ally evoked escape arise from differences in sensory or behavioural
encoding properties, we conducted Neuropixels recordings from the
midbrain of each species (Extended Data Fig. 4 and Supplementary
Video 8). These recordings were performed in an immersive arena,
where exposure to overhead looming stimuliregularly elicited escape
behaviour onaspherical treadmill (Fig. 4a-cand Methods, ‘Recording
immersive set-up’and ‘Visual stimuliimmersive set-up’). To quantify the
preference of each neuron for escape movements over visual stimuli
alone, wefirst calculated abehavioural selectivity index by comparing
the correlation of neural activity with looming diameter while mice
were stationary to the correlation of neural activity—after subtract-
ing the average visual response—with running speed during visually
evoked escapes (Extended Data Fig. 5a,b; adapted from ref. 44). We
observed asimilar preference for looming stimuliacross neuronsinthe
sSCand dSCof both species. By contrast, the behavioural selectivity of
dPAG neurons was greater in P. maniculatus thanin P. polionotus dur-
ing escape epochs (Fig. 4d,e). Consistent with this, we further found
that putative escape neurons in the dPAG of P. maniculatus had weak

and delayed visual responses, similar to the dPAG of Mus where escape
neurons show unreliable visual responses?*® (Fig. 4f). By contrast,
in P. polionotus, strong visual responses were observed across the
sSC, dSC and dPAG, and putative escape neurons had similar visual
responses to other neurons (Fig. 4f and Extended Data Fig. 5d). We
found similar species differences in analyses of maximum firing rate,
and with analyses based on linear regression (Fig. 4g,h and Extended
Data Fig. 5e-h). These findings link neural activity in the dPAG of
P. maniculatus to the behavioural execution of escape, and suggest
thattheincreased FOS* levelsin the dPAG of P. maniculatus (Fig. 3) arise
from species-specific escape-related neural activity. In P. polionotus,
dPAG activity instead appears to originate largely from peri-escape
exposure to visual stimuli (Extended Data Fig. 5r-t).

To further disentangle and characterize stimulus and behaviour-
related activity, we recorded from midbrain neurons while mice either
viewed visual stimuli on acomputer monitor or spontaneously escaped
(Methods, ‘Recording monitor set-up’ and “Visual stimuli monitor
set-up’). Neurons in both P. maniculatus and P. polionotus displayed
similar visual responses, with a strong preference for looming over
dimming stimuli, and similar response dynamics to looming stimuli of
different expansion speeds (Extended Data Fig. 6a-f). Similar to visually
evoked escapes, however, we found the neural activity of the dPAG in
P. maniculatus, but not in P. polionotus, to closely follow the running
speed during spontaneous escapes (Fig.4iand Extended DataFig. 6g-i).

Together, these immunohistochemistry and electrophysiology
experimentsindicate that visual threat can trigger neural activity in the
superior colliculus and dPAG of both species. However, whereas dPAG
neurons encode escape events in P. maniculatus, dPAG activity does
not correlate with the initiation of running behaviour in P. polionotus,
suggesting the dPAG may contain the neural circuits on which evolution
has acted.

Functional manipulation of dPAG neurons

Toinvestigate the causal role of the dPAG in mediating behaviours, we
optogenetically activated neurons in the dPAG of both P. maniculatus
and P. polionotus. We injected an adeno-associated virus (AAV2) vector
bilaterally into the dPAG to express channelrhodopsin, or only the YFP
reporter for controls, in predominantly excitatory neurons, under the
control of the CamKII promoter (Fig. 5a and Extended Data Figs. 7-9).
Usinga centrally implanted optic fibre (Fig. 5b), we stimulated the dPAG
as mice moved freely in a circular arena. The trajectory and speed of
eachmouse was extracted, and each trial was classified as acceleration,
deceleration or ‘other’ on the basis of the behaviour of the mouse dur-
ing the stimulation (Fig. 5c-e, Extended Data Fig. 8e-g, Supplementary
Videos 9-13 and Methods). We found that the proportion of accelera-
tionand deceleration trials differed between the species (Fig. 5f,g and
Extended Data Fig. 8h,i). Specifically, P. polionotus displayed more
deceleration trials (Fig. 5h), and P. maniculatus displayed more accel-
eration trials (Fig. 5i) during optogenetic stimulation, compared with
controls. These species differences in evoked behaviours were robust
across different types of behaviour parameterization (Extended Data
Fig. 9). Consistent with FOS" cell numbers (Fig. 3), increasing laser
power during optogenetic stimulation triggered more and faster accel-
eration events in P. maniculatus, whereas the speed of both accelera-
tion and deceleration events decreased in P. polionotus (Fig. 5i-k and
Extended Data Fig. 8h-j). Similar species differences in acceleration
could be triggered when mice were still (Extended Data Fig. 8k-m).
These results suggest that activation of dPAG neurons has opposing
effects in the two species: P. maniculatus tend to accelerate, whereas
P. polionotus predominantly decelerate.

To explore the extent to which dPAG neurons are required for the
species-specific behaviours, we next expressed inhibitory DREADDs
receptors (hM4d(Gi)-mCherry), or only themCherry reporter for con-
trols, inthe dPAG. Three weeks later, we injected either the ligand CNO
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Fig.4|Species-specific encoding oflocomotionin the dPAG. a, Schematic
ofimmersive set-up. b, Running speed (top) and escape onset (bottom)
duringtriple loom stimuli. P. maniculatus, n = 6 mice; P. polionotus,n = 4.

¢, Concatenated responses of 100 cells per area for trials with highest stimulus
correlation (column1-3) and one escape trial (Iast column).d, Example cells in
thesSC, dSC and dPAG during stimuli without (left) and with (middle) escape,
and corresponding Spearman coefficients. Right, behavioural selectivity
index (SI) for each neuron. Vertical lines indicate median, horizontal lines
representinterquartile range and diamonds show the mean. Squares indicate
example cells. e, Cumulative distributions (left; d(PAG-dPAGP=3 x107'*;
P.maniculatus sSC-dPAG P=0.012, dSC-dPAG P= 0.021) and quantification
(right; sSC-dSC P.maniculatus P=0.554, P. polionotus P= 0.162; P. polionotus
dPAG-sSC P=0.072) of datafromd. f, Responses of putative escape cells (left)
and other cells (middle) in the absence of escape. Mean +s.e.m. of heatmaps

or saline and exposed the mice to five repetitions of a100% contrast
looming stimulus (Fig. 51). As expected from previous experiments
(Fig. 2b), saline-injected P. maniculatus escaped earlier and with greater
vigour than P. polionotus (Fig. 5m,n, Extended Data Fig. 8n and Sup-
plementary Videos 14-17). By contrast, CNO-injected P. maniculatus
delayed the onset of escape, such that the cumulative proportion of
escape in CNO-injected P. maniculatus was no longer distinguishable
from that in P. polionotus. Notably, inhibition of dPAG neurons had
little effect on the cumulative proportion of freezing behaviour, sug-
gesting that the dPAG facilitates freezing in P. polionotus (Fig. 5g,h)
butisnot the maindriver of this behaviour (Fig. 5Snand Extended Data
Fig. 6j-r). Together, these results suggest thatinhibition of dPAG neu-
rons increases the escape threshold in P. maniculatus, but does not
affect the ability of either species to escape.
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-2 0 2 -2 0 2
Time from escape onset (s)

(blue/gold: putative escape cells; black: other cells) (right). Statistics compare
meanresponse during firstloom (P=0.006, P=0.667).g, Linear regression
weights of all cells with a positive behaviour coefficient. Contours:20-40%.

h, Relative explained variance (separate r*/combined r?). Density along diagonal
represents difference of proportion of explained variance (visual - behaviour).
P=3x107.i, Example neurons (top) and population averages (bottom) for trials
withescaperesponse >2 x s.d. (monitor set-up) (P. maniculatus, n =217 trials,

3 mice; P. polionotus,n=194,3 mice). Dataare meanactivity + s.e.m. (blue
orgold) and meanspeed *s.e.m. (grey). Distributions of correlations of peri-
escapeactivity (right). Vertical lines: 95% confidence intervals, P. maniculatus
P=1x107", P. polionotus P=0.561,between species P=7 x 107, Two-sided,
two-sample Kolmogorov-Smirnov test (e, left, h), two-sided unpaired mean
difference Gardner-Altman estimation (e, right, i), two-sided Brunner-Munzel
test (f).

Collectively, our findings, together with the FOS analysis and in vivo
electrophysiological recordings, demonstrate that the dPAG in P. man-
iculatus specifically mediates rapid, low-threshold escape, but that
it does not have the same functional role and thereby increases the
threshold to escape, in P. polionotus.

Discussion

Here we show that ecologically distinct, yet closely related, species
of deer mice evolved aspecies-specific difference in defensive behav-
iour. Specifically, when exposed to alooming stimulus, P. polionotus
requires a higher threat intensity to reliably trigger escape relative to
both P. maniculatusand P. leucopus. We trace this behavioural difference
toacentral brainregion, the dPAG, which we show no longer encodes
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and initiates escape-related movements in P. polionotus to the same
extentasin P. maniculatus.

Itis possible that the observed species-specific behaviour evolved
via natural selection. In dense fields or forests, escape (for example,

Time from onset (s)

<4 mW laser power (top right; P=0.485, P= 0.956) and <10 mW (bottom right;
P=0.045,P=0.731). ANOVA species: group P=0.010, group P=0.052, species
P=0.053, other P>0.6.j, Maximum speed during acceleration trials for each
laser power range. k, Minimum speed during deceleration trials. I, Experimental
paradigm for chemogeneticinhibition of the dPAG. Mice were injected with
hM4d(Gi)-containing or hM4d(Gi)-free (control) constructs. m, Example speed
traces during looming stimuliafter saline (control) or CNO injection (top) (see
Supplementary Videos 14-17). Speed traces for control (hM4d(Gi) +saline or
mCherry+CNO) and all CNO (hM4d(Gi) + CNO) trials (centre). Average speed
traces (bottom). n, Cumulative distributions of escape and freezing events.
Two-sided unpaired mean difference Gardner-Altman estimation (sham versus
ChR; g-i), two-sided, two-sample Kolmogorov-Smirnov test (j, k,n), two-way
ANOVA (i). Brain schematics adapted from Allen Mouse Brain Atlas (https://
mouse.brain-map.org and https://atlas.brain-map.org).

darting to arefuge) may increase survival probability, whereasin open
environments movement is often conspicuous and freezing could
minimize predator detection. However, when exposed to an intense
threat (such as imminent attack), escape may be the only option for
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survival. This explanation is consistent with the observation that Mus
are more likely to freeze in the absence of arefuge®, and more broadly
with the distinct strategies observed in other speciesto avoid predator
detection in different environments* .

Our behavioural and neural recording experiments suggest that
the neural basis for these ecologically relevant behavioural differ-
ences is located centrally in the brain. First, both visual and auditory
stimuli evoked similar species-specific behavioural responses. Sec-
ond, visual looming stimuli trigger similar patterns of neural activity
across the entire depth of the superior colliculus. Together, these data
indicate that the key neural mechanism lies downstream of both the
retina and the confluence of sensory inputs in the dSC. Indeed, our
neural recording and manipulation experiments identify the dPAG,
asubregion of the PAG implicated in driving escape behaviour®, as
alikely locus that differentiates the two species. Specifically, rapid
escape and running movements correlated well with activity in the
dPAG of P. maniculatus but not P. polionotus (Figs. 3 and 4). Moreo-
ver, activation of dPAG neurons triggered running and acceleration
in P. maniculatus, but deceleration and stopping in P. polionotus.
Further, inhibition of the dPAG eliminated early and vigorous escape
responses to visual looms in P. maniculatus, making their responses
appear identical to those of P. polionotus (Fig. 5). These findings high-
light the role of a central brain structure in species-specific behav-
iour, different from many studies that link behavioural evolution to
peripheral sensory systems**™!, and demonstrate that differences in
how neurons in the dPAG of P. maniculatus and P. polionotus process
behaviouralinformation are key to understanding the species-specific
behaviours.

Our data are consistent with amodel in which the threshold to escape
is controlled differently in the brains of P. maniculatus and P. polionotus.
Inmice, multipleinhibitory pathways, both within the dPAG/lateral PAG
and projecting from other brain areas, have been shown to modulate
the excitability of putative escape neurons in the dPAG****%°, We pro-
pose that one or multiple of these modulatory inputs has evolved to
attenuate the excitability of escape neuronsin P. polionotus. This model
is consistent with our finding that both species possess comparable
proportions of excitatory and inhibitory neurons in the dPAG (Fig. 3),
and thatneuronsin the dPAG of P. maniculatus and P. polionotus exhibit
similar levels of intrinsic excitability (Extended Data Fig. 10).

In addition, as both species appeared to retain the ability for late-
onset escape during inhibition of the dPAG, partially redundant, dPAG-
independent escape pathways are likely to exist. Whereas the dorsal
division of the PAG primarily controls escape behaviours®*®, neurons
that mediate escape and freezing behaviours are intermingled in both
the dorsal and lateral divisions of the PAG*®. In addition, circuits that
bypass the PAG—for example, via the parabigeminal or cuneiform
nuclei—can also initiate escape?®*°¢°, By attenuating the relative
contribution of the dPAG-dependent pathway to the computation of
escape decisions, evolution may have capitalized on this parallel circuit
architecture to raise the escape threshold in P. polionotus, suggesting
that circuitarchitecture canfacilitate evolutionary changeinbehaviour.

Future work is aimed at determining the cellular and molecular
mechanisms that explain why incoming threat information does not
recruit to the same extent the ensemble of excitatory and inhibitory
dPAG neurons in P. polionotus, unlike P. maniculatus, for the execu-
tion of escape. Although our findings highlight the dPAG as the most
upstream node that has evolved species-specific properties, they do
not exclude further changes downstream of the dPAG.

Here we show that ecologically distinct deer mice evolved species-
specific defensive behaviours and trace this difference to a central
brain region, the dPAG. Together our data suggest that evolution can
adjustabehaviour dial by shifting the threshold between two conserved
behaviours—freezing and escape—to fine-tune defensive response in dif-
ferentenvironments, providing arare example of acentral brainregion
linked to natural variation in a sensory-driven behaviour.
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Methods

Mouse strains and husbandry

Colony founders of P. maniculatus bairdii (strain BW), P. polionotus sub-
griseus (strain PO) and P. leucopus (strain LL) were originally obtained
from the Peromyscus Genetic Stock Center at the University of South
Carolina and then established and maintained at Harvard University.
M. musculus (C57BL/6 ] strain) were purchased from The Jackson Labo-
ratory. Behaviour, FOS and RNAscope experiments were performed at
Harvard and, later, optogenetics, chemogenetics and in vivo recording
experiments were performed at Neuro-Electronics Research Flanders
(NERF).

Housing at Harvard University: mice were housed on Bed-o’Cobs
1/4-inch bedding (The Andersons) in ventilated standard rodent
cages (Allentown) ona16 hlight: 8 hdark cycle at 23 °C with ~20-30%
humidity. We provided mice with a red translucent polycarbonate
hut, Enviro-Dri nesting material, and a cotton nestlet. All mice were
given ad libitum access to irradiated Prolab Isopro RMH 3000 5P74
(LabDiet) and water.

Housing at NERF: mice were housed on Lignocel 3-4 bedding
(J.Rettenmaier & Sohne) in ventilated standard rodentcagesonal2h
light:12 h dark cycle at 23 °C with 50% humidity (40-60%). Mice were
provided with cotton nesting material. All mice were given ad libitum
access to chow diet (ssniff) and water.

After weaning litters at 23 days of age, we kept same sex mice in
groups of up to 5 individuals by strain, unless otherwise indicated.
Mice of either sex were between two and six months old at the time
of experiments.

All experiments were performed as approved by the Institutional
Animal Care and Use Committee (IACUC) of Harvard University, and
Animal Ethics Committee of KU Leuven.

Animal usage

In total, data were collected from 14 M. musculus and 633 Peromys-
cus (including P. maniculatus, P. polionotus and P. leucopus) across a
series of behavioural, electrophysiological, molecular and optogenetic
experiments. For behavioural assays with a sweep-looming stimulus,
we tested 14 M. musculus (two trials per mouse), 30 P. maniculatus, 29
P. polionotus and 36 P. leucopus (1 trial per mouse). Repeated looming
stimuli with varying contrast were presented to 109 P. maniculatus
and 116 P. polionotus (two trials each), while single looming and audi-
tory stimuli, as well as control conditions (for example, hut removal,
2x expansion speed, dimming), were tested in additional cohorts
(19-30 mice per group, one trial per mouse). For FOS mapping, repea-
ted looming was used in 21 P. maniculatus and 66 P. polionotus. AAV
expression was verified using single-molecule fluorescence in situ
hybridization (smFISH) in three mice per species. Neuropixels record-
ings during evoked behaviour (immersive set-up) were conductedin 6
P. maniculatus and 4 P. polionotus, with 10 and 5 total recordings,
respectively; spontaneous activity was recorded in 4 P. maniculatus
and 3 P. polionotus using a monitor-based set-up. Optogenetic activa-
tion experiments using ChR2 were performed in 7 P. maniculatus and
8 P. polionotus, with controls (no opsin expression) tested in 6 and
5mice, respectively. Chemogeneticinhibition using hM4D(Gi) and CNO
was tested in13 mice per species; additional groups received saline then
CNO (n=9) ormCherry then CNO (n = 5) per species. Contrast response
curves were measured in one mouse per species to complement the
main cohorts. Finally, in vitro electrophysiological recordings were
conductedin11P. maniculatusand 10 P. polionotus. Inclusion and exclu-
sioncriteriaare described inthe corresponding sections below. Unless
mentioned there, all trials from all mice were included in the analysis.

Behaviour experiments
Experimental set-up. To assay behavioural response to a visual stimu-
lus, we constructed a rectangular behavioural arena from plexiglass

that measured 45 cm (W) x 30 cm (D) x 30 cm (H), adapted fromref. 19.
We attached a triangular prism-shaped hut (24 cm (W) x 18 cm (D) x
12 cm (H)) to one corner of arenafloor. To reduce reflection, we covered
the arena walls and floor with Matte Finish (Krylon). Toilluminate the
arena, welined the outside base of the walls withinfrared light (IR) LED
strips. Torecord behaviour from below the arena, we made the ground
floor of IR-transmissive black plexiglass and used an IR-sensitive camera
(Flea3 FL3-FW, monochrome, Point Grey Research) torecord at 30 fps.
We programmed visual stimuli with Psychtoolbox-3 for Matlab®*?and
displayed them on an LCD monitor from above the arena. Finally, we
triggered an LED (invisible to the mouse) simultaneous to the visual
stimulus through an Arduino Uno connected to the computer, whichwe
used to synchronize individual frames with the stimulus. We generated
sound stimuli with a power amplifier (TB10A, Fosi Audio) connected
to atweeter (Pro-TW120, DS18).

Experimental procedure. Before each behavioural experiment, mice
were left undisturbed in their cage for 24 h. We conducted all experi-
ments within the first 4 h of the dark period (Zeitgeber time) and in
red light. We habituated mice to the experiment room for 30 min, and
then transferred asingle individual to the behavioural arena, where it
habituated for 10 min. We triggered the stimulus manually when the
mouse moved away from the walls towards the centre of the arenaand
recorded the behaviour of the mouse for 2-3 min before and after the
stimulus was triggered. Once testing was complete, we moved the
individual to an empty cage and wiped out the arena with 70% ethanol.
We then assayed the remaining individuals in the cage following the
same protocol.

For the contrast experiment, we randomly assigned anew cohort of
mice and exposed each mouse once to a contrast level. Approximately
1week (range of 5-11 days) after the first exposure, we again randomly
assigned the same individuals to adifferent contrast level and exposed
them once. We employed this approach to both minimize habituation
fromrepeated testing and to reduce the number of mice needed for the
experiment. For all other experiments (sweep-looming, looming with
hut, looming without hut, dimming, auditory), we used new cohorts of
naive mice and exposed individuals to the stimulus only once.

To determine which brain region(s) show activity correlated with
behavioural response, we collected the brains of mice following their
exposure to the overhead stimulus. To this end, we single-housed mice
inanew cage the day before the experiment. On the test day, we dark
habituated the mice by moving their cage in the test room for 4 h. We
thengently transferred mice to the arena, with the hut closed off. After
10 min of habituation, we triggered the stimulus. We recorded the
behaviour of mice during the complete trial. We then transferred mice
back into the cage and transcardially perfused them after 90 minin
the dark (see below).

Stimuli. To quantify response to a visual stimulus, we first conducted
an assay with a combined sweep-looming stimulus®. The stimulus
was ablack discongrey background with adiameter of -4° visual angle
(approximately 2.2 cm) that first appeared in one corner of the com-
puter screen and slowly moved diagonally at aspeed 0f10°s™’. Once the
discreached the centre of the screen, it rapidly expanded to a diameter
of 40° visual angle (approximately 22 cm) at a linear speed of 36°s™.
Thediscthenremained at full diameter for 2 sbefore disappearing. We
chose these parameters because preliminary experiments revealed
that they maximized the difference in behavioural response between
the two focal species. For example, a linear expansion speed of 72°s™
reduced the species-specific responses (Extended Data Fig. 1g).

To measure the behavioural response of mice to different levels of
threat, we altered the contrast of the looming disc by changingitsinten-
sity against the standard grey background. Intensity is indicated as a
positive percentage, converted from the negative Weber fraction”. We
used different contrast levels of the looming disc: 32%, 55%, 72%, 86%



and100%, with one additional contrast level for each species withinits
dynamicrange (P. maniculatus: 45%; P. polionotus: 97%). Contrast values
were validated with a digital illuminance meter (LX1330B, Dr. Meter).
The stimulus comprised 5 repeats of the standard looming stimulus,
with aremain time at full diameter of 0.5 sand aninter-stimulus period
of 0.5 s (ref. 27).

To test the behavioural response to an aversive auditory stimulus,
we exposed mice in the looming arena to an ultrasound frequency
upsweep (17-20kHZ over1.3 s, repeated 5 times; 80 dB at arena floor),
while the visual screen displayed a grey background®-*,

To test the effect of a refuge on behavioural response, we exposed
micetoasingleloomingstimulus (black disc ongrey background) inthe
presence of the hut. Asbefore, the stimulus remained at full diameter for
2 sbeforedisappearing. To test the effect of the absence of arefuge, we
closed offthe hut and exposed mice to the same single looming stimulus.

Totest the behavioural response to anon-moving, innocuous visual
stimulus, we used a disc of fixed size (diameter of 40°) that appeared
in the centre of the screen, initially matching the grey background
but then changing to black over 1s and remaining black for 2 s before
disappearing.

To quantify FOS levels after defensive behaviour, we exposed mice to
125repeats of the standard looming stimulus, structured into 25 sets of
Srepeats, with aremain time at full diameter of 0.5 s, aninter-stimulus
period of 0.5 s within sets, and an inter-set period of 3 s. Control mice
were exposed to only the standard grey background.

Analysis. To characterize the behavioural response of an mouse to the
stimulus, we used a custom Matlab (v.2015b or newer) code toretrieve
centroid coordinates of the mouse and the status of the stimulus from
the video recordings. We calculated the speed of each mouse from
these coordinates and smoothed the data using a mean filter with a
width of five frames.

‘Escaping’is typically defined as running at speeds above a data-
derived threshold and towards a refuge, while the definition of ‘freez-
ing’ varies across studies, but often refers to the absence of movement
defined by very low displacement thresholds'>'**5%3, Here, we classified
behaviours based on data-derived thresholds, but without additional
constraints on movement direction. Specifically, we automatically anno-
tated escape events as a speed =55.74 cm s, and freezing events as a
continuous period of <3.28 cm s for at least 0.4 s while the mouse was
outside the hut (see Extended DataFig.1). We arrived at these definitions
by comparing behaviour during exposure to asingle looming stimulus
tobaseline behaviour. For this experiment, we analysed a video segment
for eachmouse with aduration of 1 sthat preceded stimulus exposure by
1-2 min. We selected these video segments such that they matched our
criterion for triggering a stimulus (see above; that is, when the mouse
moved away from the walls towards the centre of the arena). We recorded
escape speed as the maximum speed during the escape event.

For the sweep-looming experiment, trials in which the mouse
was in the hut at the onset of the looming stimulus were removed
(P.maniculatus,n =1; P.polionotus,n = 3; P.leucopus, n = 8); we compared
only mice that were exposed to the full stimulus.

Inthe contrastlooming experiment, we assumed that mice had defin-
itively detected the stimulusif twoindependent observers unanimously
confirmed adiscernible response (thatis, interruption or commence-
ment of body movement) during the first looming repeat (Extended
DataFig.2c,d).

Totest for the effect of the presence or absence of a hut, we removed
mice that did not show evidence of detecting the stimulus (hut present:
P. maniculatus, n=1; P. polionotus, n = 1; hut absent: P. maniculatus,
n=0;P.polionotus,n=2).

FOS immunohistochemistry
Immunohistochemistry and imaging. To measure neuronal activity of
mice exposed to alooming stimulus, we used theimmediate early gene

product FOS as amarker of neuronal activity. Following the behaviour
experiment described above, we transcardially perfused mice with
ice-cold 1x phosphate-buffered saline and then with 4% paraformal-
dehyde. Brains were dissected out, postfixed for 24 hat 4 °C, cryopre-
served in 30% sucrose, and stored at -70 °C until subsequent use. We
selected a subset of these mice that represented the species-typical
distribution in escape number and speed (Fig. 3b and Extended Data
Fig. 3a,b) for FOS immunohistochemistry. To stain for FOS protein,
we sectioned brains at 40 pm, blocked tissue for 1 h, and incubated
sections for 2 days with rabbit anti-FOS antibody (1:4,000, Synaptic
Systems, 226003). We used donkey anti-rabbit Alexa 647 antibody
(1:1,000, Invitrogen, A31573) for secondary detection and mounted
tissues with DAPI Fluoromount-G (SouthernBiotech, 0100-20). Slides
wereimaged on an AxioScan.Z1slide scanner (Zeiss).

Analysis. Following imaging, we exported images to.tif format and
arranged sections into anterior-posterior order with the ImageJ plugin
TrakEM2%*. We manually outlined regions of interest (ROIs) with custom
Fiji (v.2.1.0 or more recent)®® macros based on landmark structures
identified using autofluorescence patterns and DAPI staining. For the
dPAG, we included the medial and lateral subdivisions (dm/dIPAG).
To segment images, we used the Image) plugin StarDist®® with default
parameters (model - versatile, normalize image - yes, percentile low -1,
percentile high - 99.8, probability - 0.5, overlap threshold - 0.4), which
automatically detects cells using neural network models with star-
convex shape priors. For eachidentified cellin the dataset, we retrieved
thearea, xy coordinates, and meanintensity. Wefiltered out large arte-
factsthat wereincorrectly identified as cells by removing objects with
an area of >180 pm?. Across the ROIs (superior colliculus and PAG) in
eachsection, we then counted cells with meanintensities larger than the
mode of the density function of mean intensities as FOS-positive. With
thisapproach, we filtered out cells with the lowest FOS expression, to
enrichfor cellsthat were activated during the behavioural experiment,
and toremove any batch effects (for example, baseline FOS expression
levels across experiments).

Single-molecule fluorescence in situ hybridization

Experimental procedure. To determine whether FOS* cells were excita-
toryorinhibitory neurons, we selected, from our previous FOS experi-
ment, three individuals of each species with strong escape responses
and high levels of FOS* cells, as well as three control mice for combined
smFISH and immunohistochemistry processing. We obtained six sec-
tions (thickness 14 pm) from each mouse, and then used halfto detect
NeuN (also known as Rbox3), Gadl and FOS, and the other half to detect
NeuN, VGluT2and FOS. Seven out of the 72 sections did not have reliable
staining and were excluded from the dataset. To determine if AAV2*
cells were primarily excitatory or inhibitory, we injected three mice
of either species with the viral vector (see ‘Virus injection and fibre
implantation’) and then obtained 6 sections (thickness 14 pm) from
each mouse and used half to detect GadI and YFP, and the other half
todetect VGluT2and YFP.

smFISH protocol. We used the RNAscope Multiplex Fluorescent
Reagent Kit v2 with the RNA-Protein Co-Detection Ancillary Kit for
co-detection of mRNA and protein. For smFISH, we used custom-made
RNAscope probes for Gadl, VGluT2 and NeuN. Probes were based on
the coding sequence of each gene, and single-nucleotide polymor-
phisms were included by alternating between species (P. maniculatus
and P. polionotus). Forimmunohistochemistry, we used rabbit anti-FOS
(1:100, Synaptic Systems, 226003) and rabbit anti-GFP (1:100, Thermo
Fisher, A-11122) to detect FOS protein and the YFP tag in the viral vec-
tor, respectively, and horseradish peroxidase-labelled goat anti-rabbit
antibody (1:500, PerkinElmer, NEF812001EA) for secondary detection.
We visualized RNA probes and antibodies with Opal 520, Opal 570, and
Opal 690 dyes (1:1000, Akoya Biosciences, FP1487001KT, FP1488001KT,
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FP1497001KT), and counterstained with DAPI. ROIs (mSC, dPAG) were
imaged onaLSM 700 laser scanning confocal microscope (Zeiss), with
z-stacks of 21 slices spaced at 0.99 pum. We then used QuPathv0.2.3 to
quantify the overlap of FISH and immunohistochemistry signalsin the
maximum projection images.

Analysis. For the FOS-RNAscope experiment, we assigned neuron and
transmitter identity to cells by defining section-specific cutoffs asthe
mode of the density function of the log-transformed distribution of
RNA punctae number minus half (for NeuN) or one time (for VGluT2
and Gad1) the standard deviation of the distribution of RNA punctae
number. We defined cells as neurons or as excitatory or inhibitory when
they had at least three NeuN or VGluT2/Gadl punctae, respectively,
and exceeded the section-specific cutoffs. From this dataset, we then
calculated the following three variables: percentage of neurons that
co-express a given transmitter, percentage of transmitter-positive
neurons that co-express FOS, and enrichment ratio (percentage of
transmitter-positive neurons that co-express FOS, divided by percent-
age of neurons that co-express FOS). For the complete dataset, we then
generated amixed-effects linear model [response ~ (variable + species +
stimulus + transmitter + brain region)® + section ID] using the R package
Ime {Ime4}, and evaluated the model by contrasting stimulus (percent-
age of transmitter-positive neurons that co-express FOS) or species
(percentage of neurons that co-express a given transmitter, enrichment
ratio) withemmeans {emmeans} and contrast {emmeans}. We adjusted
Pvalues with the Benjamini-Hochberg method.

Invivo Neuropixels probe recordings

Headpost surgery. Mice of each species (2-4 months old) were anaes-
thetized with isoflurane (Iso-vet; 3% for induction, 1-3% during sur-
gery), placed into a stereotaxic system (Narishige, SR-5N), and dura
tear (Novartis, 288/28062-7) was applied to protect their eyes. After
removing the hair on the head with depilation creme, we injected
lidocaine (Xylocaine 0.5%,0.007 mg g™) under the skin above the skull
andthenincised the scalp along the midline to reveal the skull. A metal
headpost was fixed on the skull using dental cement (Superbond C&B,
Prestige-dental). The mice received asingle injection of buprenorphine
(0.2 mg kg'intraperitoneal injection) and antibiotics (Emdotrim;1ml
per 100 ml) in the drinking water for the next 3-5 days.

Experimental procedure. After at least 3 days of recovery, the mice
were anaesthetized briefly and a craniotomy above the superior col-
liculus was performed using a dental drill. Still under anaesthesia, we
transported the mice to the recording set-up. For recordings of the
same mouse on later days, we briefly anaesthetized the mouse in its
cage and transported it to the recording set-up. Mice were fixed with
their headpost on a ball floating on air (polystyrene white ball, 20 cm
diameter). Two recording set-ups were used (see ‘Recording monitor
set-up’ and ‘Recording immersive set-up’).

A Neuropixels probe version 1.0 or phase 3A% (imec) coated with a
fluorescent dye (DiD, Dil or DIO; Thermofisher) waslowered slowly into
the right superior colliculus and dPAG. We targeted the centre of the
superior colliculus based on anterior-posterior coordinates and the
portionnext to the midline to detect responses to the upper visual field.
Wethen covered the exposed brain and skull with artificial cerebrospinal
fluid (150 mMNacCl, 5 mM potassium, 10 mMD-glucose,2 mMNaH,PO,,
2.5 mM CacCl,, 1 mMMgCl,, 10 mM HEPES adjusted to pH 7.4 with NaOH).

This set-up allowed mice to walk and run on the ball, with tight control
over their field of view. Twenty minutes after insertion of the probe, we
started the presentation of visual stimuli. Following the recordings, the
mice were euthanized, and the probe location was verified by confocal
images of the fluorescent dye in 200-um-thick slices stained with DAPI.
Weincluded recordings onlyin cases in which the probe went through
thesSCand dSC as well as the dPAG, and in which we could detect clear
light responses in the superior colliculus.

Recording monitor set-up. This set-up was used to characterize visual
response properties and to analyse spontaneous escape behaviour. We
presented visual stimulion a 32-inch LCD monitor (Samsung S32E590C,
1,920 x 1,080 pixel resolution, 60 Hz refresh rate, average luminance of
2.6 cd m™?) with the lower part of the monitor placed 35 cmin front of
theleft eye of the mouse (covering 90° of azimuth and 70° of altitude)
and at an angle so that the distance between the eye of the mouse to
the left corner, right corner and top of the monitor was comparable.
ANeuropixels probe was lowered slowly into the brainand after reach-
ing the target depth, we waited for 20 min for the neural activity to
stabilize and for the mouse to settle on the ball. Although head-fixed,
due to the possibility to move ‘freely’ on the ball, mice did not require
further habituation to the set-up. Once settled, we presented visual
stimuliand recorded the neural activity with the Neuropixels probe and
the movement of the mouse on the ball with two motion sensors (Tindie,
PMW3360). We recorded the 384 electrodes (16 pm lateral spacing,
20 um vertical spacing) at the tip of the probe, covering 3,840 pm in
depth. Signals were recorded at 30 kHz using the Neuropixels headstage
(imec), base station (imec), and a Kintex-7 KC705 FPGA (Xilinx). High
frequencies (>300 Hz) and low frequencies (<300 Hz) were acquired
separately. To select the recording electrodes, adjust gain correc-
tions, observe online recordings, and save data, we used SpikeGLX
V20230101-phase30 software (https://billkarsh.github.io/SpikeGLX).
We simultaneously recorded the timing of visual stimulation using
digital ports of the base station.

Visual stimuli monitor set-up. Visual stimuli were presented on a
grey background and were controlled by Octave (GNU Octave) and
Psychtoolbox (http://psychtoolbox.org)®*%. Here, we analysed visual
responses to 10 repetitions of a black looming disk (from 4° to 50°
visualanglein 0.3 s; the disk stayed at full size for 0.5 sbeforea3 s grey
background) and adimming disk that stayed at a size of 50° visual angle
and changed from grey to black within 0.3 s. All mice were tested under
dimdaylight conditions (normal screen brightness or1log unit darker).
For some mice, we conducted additional recordings under moonlight
conditions (3-4 log units darker). We used all light conditions to test
foracorrelation between running speed and neural activity; however,
we used only daylight conditions for visual response analysis. To meas-
ure contrast response curves, we displayed looming discs of different
contrastsinarandomized order withrandomized inter-stimulus times
of 3-7 s, resulting in 8-12 repetitions of each contrast (5, 15, 25, 35, 45,
60, 75,90 and 97% Weber contrast).

Recording immersive set-up. This set-up was used to analyse
looming-evoked escape. Recordings on the immersive display were
performed as in ‘Recording monitor set-up’, with the following dif-
ferences. Mice were fixed with their headpost in the centre of a pano-
ramicdisplay (50 cm diameter) as described above. Visual stimuli were
presented with a projector (DLPDLCR3010EVM-G2 (TI), 1,280 x 720
pixel resolution, 60 Hz refresh rate, average luminance of 5 cd m™)
projecting through a condenser (Canon EF 50 mm F1.4 USM) and a
fisheye lens (Peleng 8 mm f3.5 Fisheye Lens M42). The timing of visual
stimulation was detected with a photodiode on the fisheye lens. Sig-
nals were recorded at 30 kHz using the Neuropixels headstage (imec,
HS_1000) connected to a Neuropixels PXle acquisition module (imec,
PXIE_1000) in a PXIe chassis (NI, PXIe 1071). Stimulation timing from the
photodiode and ball dataacquisition timing were recorded by a PXle /O
Module (PXle-6341, sampling rate = 30,488 Hz) in the PXle chassis. The
ball datawas recorded using Bonsai V2.6.2 (https://bonsai-rx.org/). An
Arduino sentasynchronization signal to both the l/O and Neuropixels
modules simultaneously, allowing the alignment of datarecorded on
the /0 module and the Neuropixels acquisition module.

Visual stimuli immersive set-up. We presented visual stimuli
using a custom-made visual stimulation software (OpenGL-based).
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We presented 20 repetitions of a black looming stimulus on a grey
background (97% Weber contrast). Each looming stimulus consists
of three presentations of a black disk expanding from 4° to 40° visual
anglein1s, the black disk remaining at full size for 0.5 s, followed by
0.5 s background (triple loom stimulus). Each set of 3 consecutive
looms is separated by a log,, random time interval between 10 s and
3.5 min (((log;o(rx 9.9 + 0.1) +1)/2) x 200 +10), with r drawn from a
uniform distribution in the interval [0,1]. The stimuli were presented
at55°elevation. At the beginning of each experiment, we additionally
presented a 4° sweeping white square to estimate the receptive field
location of the recorded neurons. The white square was presented at
each azimuth ranging from 0°to 80° with15°intervals ontheright side
of the mouse. For subsequent stimuli, we selected the azimuth that
evoked the strongest response to the sweeping white square.

Spike sorting. We sorted the high-pass filtered neural data using
Kilosort2% (https://github.com/MouseLand/Kilosort/releases/tag/
v2.0), followed by manual curation in phy2 (https://github.com/
cortex-lab/phy). Units were labelled as areal unit based on their wave-
form shape and auto-correlogram. We used cross-correlograms to
identify spikes in different units that belong to the same cell. For sub-
sequent analysis, we used only single unit data. We identified borders
between the sSCand dSC as wellas the dSC and dPAG using histological
sections, spiking activity, and in some cases, clustering of raw spiking
activity, similar to ref. 70 (Extended Data Fig. 4). The probe tract was
extracted from the tracer labelling together with the known insertion
depth. The upper borders of the sSC and dPAG could be clearly identi-
fied in the histological sections and the relative electrode numbers
were extracted. The border between the sSC and dSC was extracted
from the raw spiking activity during looming stimuli and based on
previous measurements of sSC thickness using labelling of retinal
axons with choleratoxin B (data not shown). Finally, the lower border
ofthe dPAG was based on a conservative estimate from the histological
sections, like for the FOS analysis. The placement of the probe close
to the midline (that is, upper visual field) minimized the inclusion of
lateral PAG neurons.

Contrast response curves. To calculate contrast response curves,
we used looming responses of neuronsin the sSC. First, we calculated
firing rates during each contrast in 100 ms bins and then subtracted
background activity before stimulus onset. Then, we averaged firing
rates at each contrast and normalized the data by setting peak firing
rates at no stimulation (0% contrast) to O and the maximum firing rate
atany other contrast to 1. We identified responding neurons as cells
with: (1) at least 10 significant responses (more than 3x s.d. of mean
pre-stimulus activity) at any contrast (out of 90 total stimulations);
(2) detectable responses to the highest presented contrasts; and
(3) nosuddenresponse drop atintermediate contrasts.

Looming selectivity index. We calculated preferences for looming
or dimming stimuli from full-contrast stimuli. We calculated firing
rates as the number of spikes in 20 ms bins and extracted average peak
firing rate (P,for looming and P, for dimming) during multiple repeti-
tions of the stimuli. We defined the looming selectivity index (LSI) as:
LSI:(PI_Pd)/(PI+Pd)-

Locomotion events. In head-fixed mice, escape and freezing bouts
were qualitatively similar to freely moving escaping and freezing, i.e.
sudden onsets of running bouts or suddenimmobility for ashort time
period. However, there are some differences to the freely moving set-
ting: head-fixed mice tend to move less between stimuli and do not
reach the same running speeds. We hence used relative rather than
absolute criteria that capture these similarities (sudden onset, large
enough change from pre-stimulus behaviour) for extraction of escape
and freezing bouts. Specifically, to extract evoked and spontaneous

escape and freezing periods, we binned the measured running speed
to achieve the same temporal resolution as the neural activity (100-ms
bins) and normalized it such that ‘no movement’ is set to O and maxi-
mum acceleration speed set to 1. Then, we identified time points of
onset of escape and freezing. We defined the onset of escape as: an
acceleration of >0.2 a.u. within 200 ms after a speed of <0.05 a.u.
We defined freezing as: a deceleration (negative speed difference of
>0.1a.u.) fromaspeed of >0.1a.u.toaspeed of <0.05 a.u. For analysis
of spontaneous locomotion, we included only events that were not
preceded by a visual stimulus onsetin the previous1s.

Neural activity during locomotion. We calculated the z-score of neural
activity of sorted single units. For data from the monitor set-up, i.e.
spontaneous escape events, the z-score was calculated as the firing rate
binnedin100 ms bins minus the mean firing rate during seconds -3 to
-1before escape/freezing onset, and divided by the standard devia-
tion across the entire recording. For data from the immersive set-up,
i.e. looming-evoked escape events, the mean firing rate and standard
deviationwas calculated during the 2.5 sbefore the firstlooming onset.

Evoked escape analysis. We presented 20 repetitions of atriple loom
stimulus (see ‘Visual stimuliimmersive set-up’) inanimmersive arena
to examine how individual neurons encode visual looming stimuliand
escape events. Escape responses occurred in a subset of trials. Below
we describe three calculations based on this dataset: (1) behavioural
selectivity index (BSI); (2) analysis of escape neurons; and (3) linear
regression analysis.

Behavioural selectivity index. We calculated two BSIs, one based
on correlations and the second based on peak firing rate. For each,
estimates of visual responsiveness were based on trials that did not
include an escape, and estimates of behaviourally related activity
on trials thatincluded a visually triggered escape. To estimate visu-
ally related neural activity, we calculated the Spearman correlation
between the z-scored neural activity (from non-escape trials) and the
disk diameter of the stimulus (scaled from O (no disk) to 1 (maximum
disk size)). The correlation was calculated over a 10 s window, span-
ning 2.5 s before stimulus onset to 1.5 s after the final loom. For each
neuron, we defined its visual response (C,) as the average of the three
highest Spearman correlation coefficients observed across all trials.
Representative examples of single-cell responses for these top three
trials are shown in Fig. 4c. To estimate behaviourally related neural
activity, we analysed trials in which escape behaviour occurred. We
first computed a visual template as the average neural activity of all
trials without behaviour and subsequently subtracted this template
from each escape trial to obtain the residual neural activity. We then
calculated the Spearman correlation between this residual activity
and running speed from 2 sbefore to 2 s after escape onset. The aver-
age of these correlation coefficients is the behavioural correlation
(Cy,). Example single-cell activity during looming trials with an escape
eventis shownin Fig. 4c (right column). The BSIwas then calculated
as:BSI=(C, - C,)/(C, + C,). The data for this version of BSI are shown
inFig.4d,e.

To evaluate the robustness of our findings, we repeated this analysis
using maximum firing rates instead of correlation coefficients. First,
we extracted the maximum firing rates during the firstloom (FR,) and
during escape events (FR,). A behavioural selectivity index based on
firingrate (BSIFR) was then calculated as: BSIFR = (FR, — FR,)/(FR, + FR,).
The data for this version of BSl are shown in Extended Data Fig. Se.

Analysis of escape neurons. Putative escape neurons were identi-
fied using either correlations or peak firing rates. To identify putative
escape neurons using correlations, we compared the behavioural cor-
relation (C,; as defined above) to a random correlation (C,) based on
ashuffled set of trials. Specifically, C, was computed as the Spearman
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correlation between speed traces from escape trials and neural activity
during non-escape trials. Neurons were classified as putative escape
neurons if they met the criteria C,> 0 and C, > C,.. The data are shown
in Extended DataFig. 5c.

To identify putative escape neurons using peak firing rates, we
compared each neuron’s peak firing rate to the average response of
all neurons. In Mus studies, escape neurons exhibit weak or no visual
responses*®. Therefore, putative escape neurons were identified as
those withaFR, > threshold (9 spikes pers) and FR, < threshold (9 spikes
per s). This threshold is the average peak response during escapes of
alltrials and mice. Results are presented in Extended Data Fig. 5f, with
the peri-escape firing rate analysis shown in Extended Data Fig. 51,p,t.

To evaluate similarities in visual responses between putative
escape neurons and other cells, we computed each neuron’s mean
response during the first loom presentation. The distributions of
these meanresponses during the first loom were compared using the
Brunner-Munzel test (Fig. 4f).

Linear regression analysis. To assess the relationship between visual
andbehavioural responses, we fitalinear regression model to predict
spike counts from speed and stimulus traces, based on the top three
visual trials and all trials where escape behaviour occurred. Neural
activity was binned into 500 ms intervals, and the mean spike count
perbinwas calculated. Notably, different binsizes (1s,1.5s,0r2s) did
not change the results (all P < 0.0001). Stimulus traces were binarized
(0, absence; 1, presence of the visual stimulus) and speed traces and
spike counts were standardized using z-scores.

Statistics. Spearman correlations were computed using the corr func-
tionin MATLAB and Julia (v.1.11). The two-sample Kolmogorov-Smirnov
test was calculated using kstest2in MATLAB. Effect sizes and confidence
intervals were estimated using DABEST. This included bootstrap-based
estimations using 5,000 resampled datasets to compute unpaired mean
differences (Gardner-Altman estimation). Pvalues were adjusted for
multiple comparisons and represent the likelihood of observing the
effect size under the null hypothesis. The regression model wasimple-
mented using LinearRegression().fit from the scikit-learn package in
Python (v.3.6.0 or newer). Model fits were evaluated using explained
variance, R2. Cells with R? > 0.1 were included in further analysis. To
determine the relative contributions of speed vs. visual stimulus,
we computed R? ratios: R?_speed_ratio = R2_speed_only/R? full, and
R?_stim_ratio = R2_stim_only/R?_full.

Spontaneous locomotion-activity correlation. To correlate spon-
taneous movement events and the corresponding neural activity, we
calculated the mean neural activity during each event (-2to +2 sfrom
onset of escape or freezing). We then calculated the correlation coef-
ficient of the speed trace and the average neural activity using ‘corr’
in Matlab across the full 4 s. Only trials with a z-score > 2 during the
event were included in Fig. 4. Results did not change for a threshold
of 4 and analyses using that threshold are included in Extended Data
Fig. 6. We estimated the 95% confidence intervals per species as well
asforaGaussiandistribution with mean O and the same variance using
DABEST”..

Optogenetic activation experiments

Virus injection and fibre implantation. To optogenetically activate
dPAG neurons, we injected a viral vector into the dPAG, followed by
implantation of an optic fibre. We followed the same procedure as for
headpost surgery. Following the craniotomy, we injected 50-100 nl
ofviral vector (AAV2/Camkll-hChR2(E123T/T159C)-p2A-EYFP-WPRE,
UNC vector core, AV5456B or AVV2/CamklII-EYFP for control mice)
bilaterally into the dPAG (P. maniculatus, lambda: +0.9 mm, mid-
line: +0.2 mm, depth: -2.9-3.2 mm; P. polionotus, lambda: +0.8 mm,
midline: +0.2 mm, depth: -2.6-2.9 mm) with a micropipette (Warner

Instrument, G100-4) with an open tip of 30 pm attached to a mi-
croinjector IM-9B (Narishige). In two mice (one of each species), a
modified injection protocol was used in which the virus was injected
into the same location but at an angle of 30°. In both cases, we low-
ered the micropipette to a position 0.1-0.2 mm below the targeted
depth for 2 min, and then brought it up to the injection depth. After
1min, we slowly injected the virus with a hand-wheel. After 5 min,
we retracted the micropipette and closed the skin using Vetbond
tissue adhesive (3M, 1469). After surgery, we provided antibiotics
(Emdotrim, ecuphar, BE-V235523) via drinking water. Either during
or approximately 3 weeks after the viral injection, we anaesthetized
mice as described above and implanted an optic fibre (200 pm diam-
eter,length 3.5 mm, NA 0.39, Doric Lenses, B280-2304-3.5) above the
injectionsites (P. maniculatus depth: -2.5-3.1 mm, P. polionotus depth:
-2.4-2.6 mm). Due to the large blood vessels at the midline, we first
lowered the fibre into the brain lateral adjacent to the central blood
vessel and then gently pushed it towards the midline and lowered it
tothetarget depth by alternating steps of moving 100-200 um down
and up until the target depth was reached. We affixed the fibre with
dental cement (Sun Medical LTD). After surgery, weinjected mice with
one dose of buprenorphine (0.2 mg kg™ intraperitoneal injection)
and provided antibiotics (Emdotrim) in their drinking water for 3-5
days. We single-housed mice following surgery and gave them 7-20
days torecover before behavioural testing.

Experimental procedure. To test the effects of optogenetic dPAG acti-
vationonbehaviour, we briefly anaesthetized mice in their home cage
with isoflurane, transferred them to a round arena (diameter: 43 cm)
and connected them to a patch cord with arotatory joint (Thorlabs,
RJPFL2). Mice typically woke up within1-2 minand started exploring the
arena. Weilluminated the arena with dimred light and video recorded
behaviour with a camera (Point Grey Research, FMVU-03MTM-CS or
Basler, acA1300-60gmNIR) positioned 53 cm above the centre of the
arena. We then used a DPSS laser system (Laserglow Technologies,
R471003GX) or adiodelaser (Laserglow Technologies, D4B2003FX) to
deliver 50 Hzlight pulses (10 mson, 10 ms off) of 473 or 470 nmover1s
through an optical fibre attached to the optic implant while the mice
were freely moving in the arena. We verified laser power at the output of
the patch cord without afibre before and after recording sessions with
apower meter (Thorlabs, PM100D with S130C sensor). Laser powers
ranged from 0.3 to 24.1 mW.

We began experiments with low laser powers (<1 mW output at
the patch cord) and increased laser power in steps of 1-5 mW to find
aregime producing consistentbehaviour. We then further investigated
the effects of differing power levels below and above. Optogenetic trig-
gerswere sent manually using an Arduino when the mouse was moving
spontaneously through or along the walls of the arena. The session was
terminated when the mice stopped cooperating (that is, sat still for a
prolonged time or started running erratically); most mice required
more than one session to complete the measurements. We recorded
videos at 30 Hz using PylonRecorder2 (Basler) or Bonsai’. After
optogenetic experiments, mice were anaesthetized with isoflurane
and decapitated.

Analysis of virus expression and fibre location. To analyse viral
expression and confirm the location of the fibre, we fixed the brains
of testand control mice overnightin 4% paraformaldehyde and then
sliced them coronally into 200 pm thick slices with a vibratome. We
washed the slices three times in PBS/0.5% Triton X-100 and thenincu-
bated them with primary chicken anti-GFP (Thermo Fisher, A-10262
1:200) to stain for YFP that was co-expressed with Chr2 or YFP for
control mice overnight at 4 °C. After washing with PBS/0.5% Triton
X-100, we incubated slices with the secondary antibody (Alexa 488
donkey anti-chicken, ImmunoJackson, 703-545-155,1:500) and DAPI
(Roche, 10236276001) for 2 h at room temperature. After washing with



PBS, we mounted slices on coverslips, covered them with mounting
medium (Dako, C0563), and imaged them using 10x and 63x objec-
tives on a confocal microscope.

Using this approach, we were able to exclude mice with no or little
YFP staininginthe dPAG or with incorrect fibre placements (inside the
dPAG or >250 um above the dPAG). For the remaining mice, we then
analysed the extent and location of the Chr2 expression and the fibre
placement. First, we took confocal images of the 200 pm slice where
the fibre was most visible (z-stack, 10x objective). We then loaded raw
images into Fiji® and identified the slice with the brightest YFP stain-
ingand with a clear fibre tract. We split theimaged channels (Chr2 and
DAPI) and ran the StarDist 2D plugin®® on the Chr2 channel (parameters:
model - versatile, normalize image - yes, percentile low - 10, percentile
high - 99, probability - 0.2, overlap threshold - 0.4). We measured
and saved the area and xy position of each detected, labelled cell with
anarea<1,000 pixels. We loaded png versions of the maximum inten-
sity projections into Matlab to manually label the extent of the dPAG,
the fibre tip, the outline of the ventricle and a control area without
detected cells. We quantified the extent of viral infection as the num-
ber of detected cells within the dPAG below the fibre tip. Further, we
quantified the area of dPAG with viral expression as percentage of the
dPAG areawith anintensity value above the mean +2xs.d. control area
intensity. We analysed the relationship between YFP expression, fibre
location, and running behaviour by calculating the correlation (corrin
Matlab) between percentage running trials with number of YFP cells,
distance between fibre and dPAG surface, and percentage of dPAG
areawithlabelling.

Analysis of optogenetically induced behaviour. We extracted the
head position of mice from each video with DeepLabCut” (v.2.1.9 or
newer) and used this to estimate the movement speed of each mouse
during optogenetic stimulation. We excluded trials (that is, laser trig-
gers) for which the mouse moved less than10 cm s on average during
the 0.5 sbefore the laser trigger.

Optogenetic experiments are fundamentally different from the
freely moving and head-fixed experiments for two reasons: first, it
creates an artificial, highly synchronized activation of a population
of neurons that likely is not exactly the same as the activation trig-
gered by alooming stimulus. Second, for practical reasons (that is,
the requirement for a light-weight and hence short optic fibre cable),
optogenetic experiments were performed in a small arena, limiting
the possibilities for speed and behaviour kinetics. To clarify this differ-
ence, we used the terms acceleration and deceleration to describe the
behaviour observedin this experiment. Acceleration was defined by a
forward acceleration during the1s period of optogenetic stimulation,
asdetermined by observingbothasharpincreaseinspeed duringthe
stimulus and visual inspection to ensure the movement was forward.
Decelerationwas defined as a continuous time period (>400 ms) with
speeds below 70% of the baseline speed, confirmed by visual inspection.
All remaining trials were classified as “other”. We used these classifi-
cations to calculate the percentage of acceleration and deceleration
trials (Fig. 5g-i).

In addition, we computed a speed index (SI) and adjusted speed
index (adjSI) to compare the speed during the main behaviour
with a baseline as follows: adjSI = (Speedgenaviour — SP€€dgaseiine)/
(Speedgenaviour + SP€€dgeiine)- FOT the SI, the ‘baseline’ was calculated as
themeanspeedinthe 0.37 sbeforelaser onset and the ‘behaviour’ was
defined as the mean speed during the laser trigger. For the adjusted
SI, the main behaviour (behaviour) was centred around the maximum
for forward movement trials and minimum for slowing trials. The base-
line period (baseline) was defined as the 0.37 s (11 frames) before the
behaviour event. In either case, this computation resulted in positive
values foracceleration and negative values for trials in which the mouse
decelerated. A final parameter used to compare the sham and experi-
mental groups consisted of the steepest slope during the laser trigger.

Again, the slope parameter was positive for acceleration and negative
for deceleration trials.

To compare triggered and sham mice as well as different laser pow-
ers, we performed three statistical tests:an ANOVA test, atwo-sample
Kolmogorov-Smirnov test (kstest2 in MATLAB) and estimation of
effects size and confidence intervals using DABEST”.. For the latter, for
effect size estimation, unpaired mean difference Gardner-Altman esti-
mation was performed, inwhich 5,000 bootstrap samples were taken
and the mean difference between two groups was calculated together
with the confidence interval. The Pvalue reported is the likelihood of
observing the effect size if the null hypothesis of no differenceis true.

Chemogenetic inhibition experiments

Virus injection. To chemogenetically inactivate dPAG neurons, we
injected 50-100 nl of viral vector (AAV2/Camklla-hM4D(GI)-mCherry,
Addgene 50477- AAV2 or AVV2/Camklila-mCherry, Addgene 114469 -
AAV2, for control mice) bilaterally into the dPAG. The procedure was
the same as in previous surgeries (head-posting, optogenetic experi-
ments). Mice were tested at least five weeks after the viral injection.

Experimental set-up. To assess the effect of chemogenetic manipu-
lation on visually guided behaviour, we used a custom arena (80 cm
(L) x34 cm (D) x 50 cm (H)) with ared-tinted transparent acrylic floor
and a display monitor (LG 34UM69G-B, 34 inch diagonal class 21:9,
250 cd m2mean luminance, 60 Hz refresh rate) positioned above the
arena. Lightlevelsinthe arenawere kept dim (>10 lux) by adding aloga-
rithmic filter on the screen. In the arena, we included a shelter, with a
triangular prism-shape (H: 10 cm, L: 24 cm, W: 11 cm), made from the
same material as the platform, and positioned in one corner of the arena.
Belowthe floor, the arenawaslined withinfrared LED strips. We recorded
the behaviour of the mouse from below the arena with anear-IR camera
(Basler,acA1300-60g mNIR, 60 fps) with a fixed 6 mm focallens (Ricoh
Lens, FL-CC0614A-2M). Visual stimuli were presented with BonVision
V0.11.07. The synchronization of the camera and the presentation of the
stimuli were controlled using customized Bonsai workflows.

Experimental procedure. Before each experiment, we briefly anaes-
thetized mice with isoflurane (<30 s) and intraperitoneally injected
CNO (1 mg kg™ or saline (same corresponding volume). Following
the injection, mice were single-housed in a new cage and transferred
into the behavioural room to habituate for 30 min. For acclimatization
to the arena, mice were allowed to freely explore it for 10 min. Then,
three ‘slow’ looming stimuli (36° s expansion, asin Figs.2and 3), were
presented with an inter-trial interval of log delayed times between
90 to 180 s. We used online background subtraction and tracking of
mice using Bonsai and stimuli were automatically triggered when the
mouse entered a predefined square shaped ROI, covering -1/3 of the
arena, centred on the side opposite to the shelter. Experiments were
interrupted early ifthe mouse satin the same location for over 20 min.
Between each test, the set-up was cleaned thoroughly with 75% ethanol.
Eachmouse was tested twice, once with CNO and once with saline. The
initial condition was randomized. Between the two sessions, mice were
undisturbed for 1-2 weeks.

Stimuli. Each looming stimulus trial consisted of 5 successive linear
expansions of ablack disc on grey background. The disk expanded from
aninitial -4° visual angles to~40° at arate of 36° s . Once it reached full
size, the disc maintained its size for 0.5 s, then disappeared and was
followed by 0.5s delay period before entering the next expansion cycle.

Analysis. We followed the same analysis as for visually included behav-
iour (Figs. 2 and 3). DeepLabCut’ was used to retrieve centroid coor-
dinates of the mouse. The coordinates of other body parts were used
to check for consistency. We calculated the speed of each mouse from
these coordinates and smoothed the data using a mean filter with a
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width of five frames. We defined and automatically annotated escape
events as a speed >55.74 cm s, and freezing events as a continuous
speed of <3.28 cm s for at least 0.4 s while the mouse was outside
the hut.

Ex vivo electrophysiology
Experimental procedure. For whole-cell electrophysiology experi-
ments, coronal slices of dPAG were prepared from 2- to 3-month-old
mice. Inbrief, mice were anaesthetized intraperitoneally with Nembutal
(diluted 1:5in water) and transcardially perfused with ~25 ml of ice-cold
N-methyl-D-glucamine (NMDG)-based slicing solution containing (in
mM): 93NMDG, 2.5KCl,1.2NaH,PO,, 0.5 CaCl,, 10 MgSO,, 30 NaHCO,,
5sodium ascorbate, 3 sodium pyruvate, 2 thiourea, 20 HEPES and 25
D-glucose (pHadjusted to 7.35with 10 NHCI, gassed with 95% 0,/5% CO,).
Brains were rapidly extracted and immediately transferred toice-cold
NMDG solution. After removing the rostral part of the brain (Bregma
0.0-0.2 mm) coronal slices (250 pm) were cut from caudal to rostral
inice-cold slicing solution (using a Leica VT1200) and subsequently
incubated for ~6 minintheslicing solutionat 34 °Cfor recovery. After-
wards slices were transferred to holding artificial cerebrospinal fluid,
containing (in mM): 126 NaCl, 3 KCI, 1 NaH,PO,, 1 CaCl,, 6 MgSO,, 26
NaHCO; and 10 b-glucose (gassed with 95% 0,/5% CO,). Slices remained
atroomtemperature in holding solution for -1 h before experiments.
During recordings, brain slices were continuously perfused
(32-34 °C) inasubmerged chamber (Warner Instruments) at a rate of
3-4 ml min™with (in mM):127 NaCl, 2.5KCI, 1.25NaH,PO,, 25NaHCO,,
1MgCl,, 2 CaCl,, 25 glucose at pH 7.4 with 5% C0O,/95% O,. Whole-cell
recordings of dPAG neurons were done using borosilicate glass record-
ing pipettes (resistance 3.5-5 MQ, Sutter P-1000), using adouble EPC-10
amplifier under control of Patchmaster v2 x 32 software (HEKA Elek-
tronik). The following internal medium was used (in mM): 135 potas-
siumgluconate, 4 KCI,10 HEPES, 4 magnesium ATP, 0.3 sodium GTP, 10
sodiumphosphocreatine, 3biocytin (pH7.3). Intrinsic properties were
recordedin currentclamp at 20 Hz and low-pass filtered at 3 kHzwhen
stored. Single action potentials were recorded at 50 Hz and low-pass
filtered at 10 kHz. Junction potential was calculated to be approxi-
mately 12 mV, datashown are not compensated. For determining neu-
ronal excitability, current injections (—40 pA to +360 pA steps, 10 pA
steps) were performed from a holding membrane potential of =70 mV.
Rheobase was determined using ramp currentinjections. For single AP
recordings we used conventional bridge balancing and pipette capaci-
tance compensation combined with minimal stimulation intensity to
improve separation between AP and stimulation. The series resistance
was compensated to 75-80%. Data were analysed using Fitmaster (HEKA
Elektronik), spontaneous input was analysed using the Mini Analysis
program (Synaptosoft).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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The source data are available on Dryad (https://doi.org/10.5061/
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Extended DataFig.1|Quantitative definition of escape and freezing
behaviours. (a) Arena used to measure behavioural responses tolooming
stimuliin Peromyscus mice. Dimensions for areaavailable to the mouse (grey)
and general setup are provided. (b) Raster plot showing full range of mouse
speed (1-150 cm/s) during the sweep-looming stimulus. (c) Raster plots of
mousespeed during the 60 s preceding stimulus onsetand during the
sweep-looming stimulus (top). Rows represent individual mice (P. leucopus,
n=28; P.maniculatus,n=29; P. polionotus, n = 26). Line plots represent mean
speed (solid line) + 95% confidence limits (color shading), and the 95%
confidenceinterval of the meanspeed averaged acrossthe complete 60 s
preceding stimulus onset is shaded (horizontal grey bar). (d) Raster plots of
mouse speed during pre-looming baseline and duringlooming stimulus
approximately1-2 min later in the same trial. Rows represent individual mice.
Speedisrepresented by acolour gradient. P. maniculatus (n = 28), left column;
P. polionotus (n =26), right column. The raster plot during the looming stimulus
isthesameasinFig.2d. (e) The proportionof micein (d) thatreachedagiven
speed during the looming expansion (1s) minus the proportion of the same
mice thatreached the speed during the pre-stimulus control segment (1s).
Apositive valueindicates that more mice reached agivenspeed during the
stimulus, and anegative value that more mice reached the speed before the
stimulus. White dots indicate statistically significant differences between
looming-exposed and pre-stimulus proportions. The asterisk indicates the

quantitative threshold used to define escape. Based on this threshold, the
cumulative proportion of escape during the looming stimulus (highlighted by
vertical grey bar; solid line) and the pre-stimulus control segment (dashed line)
isshown (right). Sample sizes for P. maniculatus (left) and P. polionotus (right)
arethesameasin (d). P. maniculatus, P=0.003; P. polionotus, P= 0.464. (f) The
proportion of micein (d) that did not exceed agiven speed for agiven duration
while outside the hut duringlooming expansion (1s), minus the equivalent
proportion during the pre-stimulus control segment (1s), asin (e). Based on
this definition, the cumulative proportion of freezing during the looming
stimulus (asine) isshown (right). P. maniculatus, P= 0.056; P. polionotus,
P=4*107.(g) Raster plots (left) and cumulative proportion of escape and
freezing (right) during alooming stimulus with 2x expansion speed (72°/s).
P.maniculatus (n=28); P. polionotus (n=29). Escape, P=0.019; freezing,
P=0.227. (h) Raster plots (left) and cumulative proportion of escape and
freezing during dimming stimulus (right). P. maniculatus (n = 25); P. polionotus
(n=30).Escape, P=0.669; freezing, P= 0.175.Ford, g, and h, mice are sorted by
onset first ofescape and then pausing, with earlieston top.Fore, f,gandh,
statistical significance was tested with atwo-sided Chi-Squared test
(cumulative proportion) or Bonferroni-corrected, two-sided binomial test
(differences between looming-exposed and pre-stimulus proportions).
n.s.notsignificant;*P<0.05;**P<0.01;****P<0.0001.
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Extended DataFig.2 | Cumulative proportion ofescape by stimulus repeat,
andbehavioural and neuronal response rate during contrast experiment.
(a) Cumulative proportion of escape to visual threat of varying intensity
(contrast), for different quantitative escape definitions (11-33 px/fr). The
escape cutoffused throughout the paper is 17 px/fr. (b) Cumulative proportion
of escape by stimulus iteration for P. maniculatus (blue) and P. polionotus
(gold). Dashed boxes indicate contrast levels with statistically significant
differences amongall five stimulusiterations, and for which the majority of
mice had escaped atthe end of the last stimulusiteration (P. maniculatus,

55% contrast P=0.023,72%P=0.004; P. polionotus,100% contrast P= 0.001).
(c) Percentage of animals (P. maniculatus, blue; P. polionotus, gold) ineach
speciesthat showed adiscernible response during the firstlooming iteration,
by contrastlevel of the looming stimulus (five levels tested for both species;
twolevels tested in one species). Both contrast level and species have asignificant
effect onthe probability of observing adiscernible response (species, P=4*10"%;
contrastlevel, P=5*107°). (d) Comparison of cumulative proportion of escape

Weber contrast (%)

0
time from loom onset (ms)

0 330
time from loom onset (ms)

forallanimals (see Fig. 2a; lighter colours) and only those animals that showed
adiscernibleresponse duringthe firstloomingiteration (darker colours).

(e) Representative trajectories of animals from Fig. 2a (100% contrast) that
runaround thearena (non-directed escape, lighter colours; n=35) vs. into the
hut (directed escape, darker colours; n=5). Bar graph showing percentage of
escapesaround thearenavs.into the hut for each species (right; P=0.017).

(f) Normalized response strength (O =baseline activity; 1 =maximum activity)
forall responding cellsin the sSC for P. maniculatus (blue, n = 4) and P. polionotus
(gold, n=3) for different Weber contrasts. Circles indicate mean, linesindicate
25-75% of data. (g-h) Looming responses of three example cells from the sSC of
(g) P. maniculatus (n=3) and (h) P. polionotus (n = 3). Raster plots and firing
rates (smoothed 20 ms bins) show average response for each contrast (shownin
colour code). Waveform footprint (average of 2000 waveforms per cell) on the
Neuropixels probe is shown on theright. Statistical significance for proportions
was determined by atwo-sided Chi-squared test (b) and generalized linear
models(c,e).*P<0.05;**P<0.01;****P<0.0001.
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Extended DataFig. 3| Additionalinformationabout c-Fos experiment.

(a) Raster plot of speed of animals in control (n = 6 each species) and looming
(first 60 s following looming onset; P. maniculatus,n = 9; P. polionotus,n =15)
assaysincludedinthe c-Fos analysis (shownin Fig.3b). Dashed line indicates
stimulus onset. (b) Number of escapes of P. maniculatus (blue) and P. polionotus
(gold).Filled circlesindicate dataincludedin the c-Fos experiment (looming,
P.maniculatus,n=9;P. polionotus,n =15; control, n = 6 for both species).
Statistical significance was tested with a linear mixed effects model
(P.maniculatus, P=0.0; P. polionotus, P= 0.283). (c) Number of c-Fos+cells in
control mice of both species (P. maniculatus, blue; P. polionotus, gold) along
anterior-posterior positionindmsScC. Lines represent individual mice (thin),
mean per species (thick) and 95% CI (shading). Statistical significance was
tested withalinear mixed effects model, including animal ID as arandom effect
(species, P=0.254; normalized position, P<1*10™ interaction, P=0.393).

(d) Number of c-Fos+ cellsin control and looming-exposed mice along
anterior-posterior position of dmSC. Levelsinlooming-exposed mice are
maximized inthe central dmSC (highlighted in grey boxes). The sections within
the grey boxes were used for the analyses in Fig. 3. (e) Same as (c), but for dISC
(species, P=0.034; normalized position, P<1*10™%; interaction, P<1*107%).
(f).Same as (d), but for dISC. (g) Same as (c), but for dPAG (species, P=0.4810;
normalized position, P<1*107; interaction, P=0.674). (h) Same as (d), but for
dPAG. Statistical significance was tested with a linear mixed effects model.

(i) Heatmaps of mean number of c-Fos+ cells per spatial bin across the dPAG,

averaged across sections and animals, in control and looming-exposed animals
and their difference. (j) Quantification of c-Fos+ cells for the coronal ranges
indicated with dashed linesini. Statistical significance was tested with alinear
mixed effects model (P. maniculatus, 0-20% P=0.014,20-40% P=3*10"°,
40-60%P=4*10"*,60-80% P=2*10",80-100% P=0.026; P. polionotus, 0-20%
P=0.845,20-40%P=0.347,40-60% P=0.845,60-80% P=0.347,80-100%
P=0.845). (k) Number of c-Fos+ cellsin the dmSCas afunction of mean speed
during escape (P. maniculatus,n =9; P. polionotus, n = 14). Statistical
significance was tested with alinear fixed effects model (species, P= 0.064;
meanspeed, P=0.015). (I) Number of c-Fos+ cellsin the dPAG as a function of the
number of escapes. Statistical significance was tested with a linear fixed effects
model (species, P=0.002; number of escapes, P=0.741). (m) Proportion of
excitatory (VGIluT2 +) and inhibitory (GadI +) neurons indmSC and dPAG.

(n) Proportion of c-Fos+excitatory (top) and inhibitory (bottom) dmSC neurons
incontroland looming-exposed mice (VGIuT2, P. maniculatus P=0.002,

P. polionotus P=0.032; Gadl, P. maniculatus P=0.006, P. polionotus P=0.039).
(o) Enrichmentindex [proportion of excitatory/inhibitory neurons that
co-express c-Fos, divided by the overall proportion of c-Fos+ neurons] for
excitatory (top) and inhibitory (bottom) neuronsin dmSC of looming-exposed
mice (VGIUT2,P=0.773; Gadl, P=0.939). (p) Enrichmentindex for excitatory
(top) and inhibitory (bottom) neurons in dPAG (VGIuT2, P=0.255; Gadl,
P=8*107*). Statistical significance inm-p was determined by alinear mixed
effects model. n.s. notsignificant; * P < 0.05; ** P< 0.01; **** P< 0.0001.
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Extended DataFig. 4 |See next page for caption.



Extended DataFig. 4 |Detailed methods for the Neuropixels recordings.
(a) Histological image of a coronalsslice through the SC and PAG. Magentaline
indicates thelocation of the Neuropixels probe that had been coated withadye
(Dil). Whitelines indicate separation between sSC,dSC and PAG based on
inspection of the brainslice and activity patterns. Magentanumbers indicate
depthfromthetip of the probe; green numbersindicate depth fromthe brain
surface.Right: Bottom portion of Neuropixels probe (total: 960 electrodes)
shown atthe same scale as the histologicalimage. Zoomed-in version shows
positioning of individual electrodes (magentasquares). (b) Example raw
spikingactivity during two loom stimuli of the same animal asin A. Numbers
indicate depth from probe tip, magentanumbers correspond tobordersinA.
Histological assessment together with raw spiking activity patterns were used
toidentify sSC, dSC and dPAG borders. See Methods for details. (c) Outlines of
two sagittal and coronalslices traced from histological slices from the two

species. Major brainareas were estimated based on DAPI staining and
comparison to the Musbrain atlases as well as choleratoxin-B injectionsinto
the Peromyscus eye (data not shown). Representative placement of the
Neuropixels probeisindicated as well as the anterior-posterior position of
bregma forsagittal sections. Adapted from Allen Mouse Brain Atlas (mouse.
brain-map.organd atlas.brain-map.org). (d) Average normalized cross-
correlation of allrecorded activity in the dSCand dPAG. The number of
comparisons (cellsin dSC vs cells in dPAG) for each animal (P. maniculatus,
blue; P. polionotus, gold; n = 3 for each species) is shown. (e) Average
normalized cross-correlation of all dSC and dPAG comparisons with a
correlation coefficient > 0.8 (“highly correlated”). Percentagesindicate the
fraction of all comparisons that fulfilled the criterion of highly correlated
activity for each animal.
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Extended DataFig. 5|See next page for caption.




Extended DataFig.5|Locomotory and neural activity in theimmersive
setup. (a) Example of template and residual calculation. Top: average response
of onecelltoallloomswithout escapes. Middle: heatmap of three residuals
fromtrials with strongest stimulus correlation during non-escape looms and
average of those residuals. Bottom: heatmap of all residuals during looming
stimulifollowed by escapes and averages of those residuals. (b) Top: Example
Spearman correlation of residual neural activity (blue) with running speed
(grey; Cb; see Methods) and peri-escape visual stimulus diameter (rose; Cp).
Bottom: Example correlation of neural activity during the first loom without
escapes (blue) with running speed during escapes (grey; Cn). (c) Cn (x-axis) and
Cb (y-axis) were compared to identify putative escape neurons. Only neurons
forwhich the correlation of escape speed with the corresponding neural
activity (y-axis) was positive and larger than the correlation of escape speed
with the neural activity during anon-escape loom (x-axis) wereincluded in
furtheranalysis (grey shaded area). (d) Responses of putative escape cells (left)
and allother cells (middle) in the absence of escape. Mean + SEM (blue/gold:
putative escape cells; black: other cells) (right). Statistics compare mean
response during firstloom. sSC: P. maniculatus P= 0.345; P. polionotus
P=0.206.dSC: P. maniculatus P=0.028; P. polionotus P=0.284. (e) Behavioural
selectivity index (SI) calculated based on maximum firing rates during escape
peakinstead of correlations coefficients (left) and estimation statistics of the
same data (right). Dots indicate means, lines indicate 95% confidence intervals.
ThesamedataasinFig.5was used.sSC: 538 cells fromn = 6 P. maniculatus
animals; 254 cells from n =4 P. polionotus animals. dSC: 574 cells from

n =6 P.maniculatus animals; 413 cells fromn =4 P. polionotus animals. dPAG:
169 cells from n = 6 P. maniculatus animals; 143 cells from n = 4 P. polionotus
animals. sSC-dSC: P. maniculatus P=0.062; P. polionotus P= 0.321.

dPAG-sSC: P.maniculatus P< 0.0001; P. polionotus P=0.004. dPAG across
species: P<0.000L1. (f) Scatter plot of maximum firing rates during the
firstloom of visual-only trials and during escape behaviours. Grey area
indicates putative escape neurons with amaximum behavioural firing rate >
mean(escape firing rates of all cells) && maximum visual firing rate
<mean(escape firing rates of all cells). (g) Histogram of combined explained
variance using visual and running trials (r2). Cellswithr2 > 0.1wereincludedin
panelhandFig.4g,h. (h) Cumulative distribution of the difference between
running and stimulus weights from Fig. 4g. P= 6*107°. Datawas binned in

500 msbins; different bins sizes led to qualitatively and quantitatively similar
results for this analysis as well as Fig. 4h. Relative explained variance (Fig. 4h):
1s:P=3*10"%1.5s:P=3*107;2s: P=9*10"%. Differences of weights (this panel h):
1s:P=3*10"5;1.5s:P=4*10"5;2s:P=0.005. (i) Heatmaps of average responses
ofallsSCneuronstoloomingstimuli,inthe absence of escape (top). Average
z-score+SEM (bottom). (j) Neural activity of putative escape neurons during
escapes (heatmaps and averagesin blue/gold), average running speed during
escape (grey) and average peri-escape visual stimulus diameter (pink).

(k) Correlation of neural activity during escapes with speed (grey) and
peri-escape visual stimulus (pink). P. maniculatus P=5*107%; P. polionotus
P=0.383.(I) Mean + SEM firing peri-escape neural activity of putative escape
neurons based on peakresponse (seef). (m-p) Same plots for dSC neurons.
P.maniculatus P=2*10""; P. polionotus P=2*10"*. (q-t) Same plots for dPAG
neurons. P. maniculatus P=5*10"*; P. polionotus P= 0.124. Statistical
significance evaluated with two-sided unpaired mean difference Gardner-
Altman estimation (e right), two-sided Brunner-Munzel test (d) and two-sided,
two-sample Kolmogorov-Smirnov test (h, k, 0, s). n.s. not significant; ** P < 0.01;
***++P<0.0001.
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Extended DataFig. 6 | Locomotory and neural activity in the monitor
setup. (a) Setup used to record neural activity during spontaneous escapes
and stops. (b) Waveform footprint (average of 2000 waveforms per cell) on the
Neuropixels probe of example cells from P. maniculatus (top) and P. polionotus
(bottom) shownin panel d. (c) Average, background-subtracted looming (left)
and dimming (right) response for all recorded cells shownin panele. Cellsare
sorted by depth; the same rows for looming and dimming correspond to the
same cell. (d) Example responses to dimming and fast looming (330 ms) stimuli
of onecell perspecies recorded on the setup shownina. Top: raster plots.
Bottom: Average firing rates. (e) Selectivity of looming vs. dimming response
(top). Distribution of looming selectivity for each animal (P. maniculatus,
n=4animals; P. polionotus, n = 3) (bottom). (f) Top: Example response to aslow
looming stimulus (1s) recorded on theimmersive setup in Fig. 4a. Rose:
corresponding visual stimulus diameter. Bottom: Peak response (z-score)
forslowloomsrecordedin theimmersive setup (solid lines) and for fast looms
recorded on the monitor setup (dashed lines). (g) Speed during spontaneous
escapeevents, separated by species. (h) Maximumspeed during evoked and
spontaneous escape events for P. maniculatus (blue) and P. polionotus (gold).
(i) Average activity during spontaneous escapes (blue and gold) and average
speed during escapes (grey) for neurons with max. z-score >4 STD. Speed

tracesaligned with z-score of 0 before escape and with maximum during
escapeto highlight neurons thatrespond to the escape. (j) Average sSC activity
during spontaneous stops (blue and gold) and average speed during stops
(grey).Speed traces aligned with z-score of 0 before stop and with minimum
during stop to highlight neurons that respond to the stop. (k) Same plot asinj
butspeed tracealigned with maximum neural activity before stopand O
z-scoreduring stop to highlight neurons that respond to running speed.
P.maniculatusneurons appear tobeactive during running and return to
baseline firing during stop. P. polionotus neurons tend to react to stopping
behaviour by inhibition. (I) Correlation coefficient of stop speed traces and
corresponding neural activity. P. maniculatus P=0.020; P. polionotus P= 0.001;
across species P=1*107%. (m-0) Same as j-I for dSC neurons. dSC neurons are
likely composed of amixed group of types that encode running or stopping.
P.maniculatus P=0.010; P. polionotus P=0.010; across species P=0.010.

(p-r) Same asj-Ifor dPAG neurons. No clear relationship with behaviour is
apparent. P. maniculatus P=0.001; P. polionotus P= 0.075; across species
P=0.475.Statistical significance for all comparisons was evaluated with
two-sided, two-sample Kolmogorov-Smirnov test. n.s. not significant;
*P<0.05;**P<0.01;****P<0.0001.
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Extended DataFig.7|Single-molecule FISH quantification of AAV
infection patterns. (a) Representative images of AAV2 expressionand
RNAscope probes against VGluT2 (excitatory; top) and GadlI (inhibitory; below)
for P. maniculatus and P. polionotus.Scale bar, 50 pm. (b) Cumulative
proportion of AAV2+ cells by estimated number of RNA punctae for VGluT2
(left) and Gadl (right). Individual lines represent animals (n = 3, per species).
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(c) Distribution of RNA punctae across excitatory/inhibitory cells. Cut-off for
assigning cellidentity isindicated by the dashed line. (d) Percentage of AAV2+
cells that express VGIuT2 (excitatory; left) or GadlI (inhibitory; right) inboth
species. Statistical significance was tested with alinear fixed effects model.
n.s.notsignificant.
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Extended DataFig. 8|See next page for caption.
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Extended DataFig. 8| Quantification of channelrhodopsin (ChR2)-positive
cells, fibre placement, and behavioural classification. (a) Distribution of
YFP-positiveregions of interest (ROIs; presumably cells) below the fibre tip.
Dashed lines (magenta) indicate the surface of the dPAG; blue lines indicate
thefibretip. Animals were sorted by increasing percentage of running trials
(datafrom Fig. 5i); animal ID numbers are provided (P. maniculatus, blue;

P. polionotus, gold). (b) Fibre location relative to the dPAG surface and % of trials
with observed acceleration behaviour. (c) Percentage of fluorescently labelled
dPAG areaand % of trials with observed acceleration behaviour. (d) Number of
labelled ROIs (presumably cells) in the dPAG below the fibre and % of trials with
observed acceleration behaviour. (e) Data from Fig. Sc, but only showing
accelerationand deceleration trials. (f) Example trajectory and speed trace of
behaviour classified as “Other”. (g) All traces from both species classified as
“Other”. (h) Comparison of acceleration and deceleration trials per animal
(P.maniculatus: ChRn =7 animals, shamn = 6; P. polionotus: ChRn = 8,sham
n=5).Horizontallinesindicate means. (i) All optogenetics trials for three (two
ChRand one sham) example P. maniculatus and P. polionotus animals. Left and
right column for each species represents the same data, but sorted by speed
(left) or by laser power (right; starting from lowest to highest). (j) Mean
difference (black dot) and confidence intervals (vertical black line) for the data
from Fig. Sg-i extracted from estimation statistics (unpaired mean difference

Gardner-Altman estimation); distribution represents 5000 bootstrapped
samples. (k) Heatmap of all trials with acceleration from being still, normalized
to 0.37 sbeforelaser onset. (I) Comparison of trials with acceleration from
beingstill for P. maniculatus and P. polionotus animals. ANOVA test results of
interaction between species and acceleration (P=0.067). Not enough
movement fromstill trials could be collected for sham animals. (m) Cumulative
distribution of adjusted Speed Index (SI, see also Extended DataFig. 9) for
acceleration trials frombeing still. P=0.001. (n) Left: Representative example
of hM4d(gi)-mCherry expression (black) in the dPAG. Outlines correspond to
estimated borders based on Musbrain atlas. Adapted from Allen Mouse Brain
Atlas (mouse.brain-map.organd atlas.brain-map.org). Right: Heatmaps of
speed during five looming stimuli for control trials (Fig. 5m: hM4d(gi) +saline,
top; mCherry + CNO, bottom) and CNO trials (Fig. 5m: hM4d(gi) + CNO as first
session, top; or assecond session, bottom). Only the first exposures to the
looming stimulus wereincluded in control trials. Bottom: subset of trials from
animals thatunderwent an hM4d(gi) + saline first session followed one week
later by ahM4d(gi) + CNO session. Rows correspond to the same animal.
Statistical significance evaluated with unpaired mean difference Gardner-
Altmanestimation (I) and two-sided, two-sample Kolmogorov-Smirnov test (m).
*P<0.05,**P<0.01.
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Extended DataFig.9|See next page for caption.
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Extended DataFig. 9| Various analysis strategies of optogenetically
induced behaviour. (a-i) Adjusted Speed Index (adjSI). (a) For adjusted SI
calculation, theextremaduringthe laser triggers were found. Five frames
around the extremum were used to calculate the elicited behaviour (‘during’).
Five frames around the preceding maximum/minimum were used to calculate
thebaseline (‘before’). The speed index was calculated as ([speed before] -
[speed during])/([speed before] + [speed during]). (b) Trials with adjSI>0

(i.e., acceleration) in P. maniculatus (blue, n =7 animals) and P. polionotus
(gold, n=8).(c) adjSldistributions for ChR and sham animals of both species.
(d) Cumulative distributions for adjSI> O (acceleration; P. maniculatus
P=0.024; P.polionotus P=0.237) and adjSI <0 (deceleration; P. maniculatus
P=2*10"% P. polionotus P=7*10"%). (¢) Maximum running speed for adjSI > 0
trials at differentlaser powers for P. maniculatus and P. polionotus. <4 vs

<10 mW: P. maniculatus P=0.085, P. polionotus P=0.195; <4 vs <25 mW:
P.maniculatus P=0.017, P. polionotus P=0.009; <10 vs <25 mW: P. maniculatus
P=0.192, P. polionotus P=0.277. (f) Minimum running speed for adjSI <0 trials
atdifferentlaser powers. <4 vs <10 mW: P. maniculatus P= 0.164, P. polionotus
P=0.953; <4 vs <25 mW: P. maniculatus P=0.211, P. polionotus P=1*10%;

<10 vs <25 mW: P. maniculatus P= 0.842, P. polionotus P=4*107. (g-i) Similar
resultswere found when1swas used for baseline (‘before’) measurements.

(g) Acceleration: P. maniculatus P=5*10"5; P. polionotus P= 0.367. Deceleration:
P.maniculatus P=0.004; P. polionotus P=1*10"%. (h) <4 vs <10 mW: P. maniculatus
P=0.144, P. polionotus P=0.020; <4 vs <25 mW: P. maniculatus P= 0.094,
P.polionotus P=0.004; <10 vs <25 mW: P. maniculatus P= 0.414, P. polionotus
P=0.474. (i) <4 vs <10 mW: P. maniculatus P= 0.992, P. polionotus P=1.000;
<4vs <25 mW: P. maniculatus P=0.945, P. polionotus P= 0.004; <10 vs <25 mW:
P.maniculatus P=1.000, P. polionotus P=0.002. (j-r) Additional analysis
considering two different parameters - non-adjusted Sland slope.

(j) FortheSI, the speed during the laser trigger was compared to the speed

during 0.37 sright before laser onset (solid lines). The speed index was calculated
as ([speed before] - [speed during])/([speed before] + [speed during]). For
slope measurements, the slope was calculated in sliding windows and the
maximum slope was taken (dashed lines). (k-1) Comparison of acceleration
trials (SI > O or slope > 0) for the two species (P. maniculatus:n =7 animals;
P.polionotus:n=8).(m) Cumulative distributions of speed indices <0 and >0.
Acceleration: P. maniculatus P=0.747; P. polionotus P= 0.907. Deceleration:
P.maniculatus P=4*107°; P. polionotus P=5*10"°. (n) Maximum speed for

SI> O trials at different laser powers. <4 vs <10 mW: P. maniculatus P=0.090,
P.polionotus P=0.071; <4 vs <25 mW: P. maniculatus P=0.070, P. polionotus
P=0.035;<10 vs <25 mW: P. maniculatus P=0.0357, P. polionotus P= 0.373.

(i) <4 vs <10 mW: P. maniculatus P=0.992, P. polionotus P=1.000; <4 vs <25 mW:
P.maniculatus P=0.945, P. polionotus P= 0.004; <10 vs <25 mW: P. maniculatus
P=1.000, P. polionotus P=0.002. (o) Minimum speed for SI < O trials at
differentlaser powers. <4 vs <10 mW: P. maniculatus P= 0.103, P. polionotus
P=0.994; <4 vs <25 mW: P.maniculatus P= 0.324, P. polionotus P=3*107;

<10 vs <25 mW: P. maniculatus P=0.751, P. polionotus P=7*107%. (i) <4 vs <10 mW:
P.maniculatusP=0.992, P. polionotus P=1.000; <4 vs <25 mW: P. maniculatus
P=0.945, P. polionotus P=0.004; <10 vs <25 mW: P. maniculatus P=1.000,
P.polionotus P=0.002. (p-r) Same plots as m-o for slope parameter.

(p) Acceleration: P. maniculatus P=0.201; P. polionotus P= 0.989. Deceleration:
P.maniculatus P=5*105; P. polionotus P=0.605. (q) <4 vs <10 mW: P. maniculatus
P=0.090, P. polionotus P=0.071; <4 vs <25 mW: P. maniculatus P= 0.070,
P.polionotus P=0.035;<10 vs <25 mW: P. maniculatus P= 0.357, P. polionotus
P=0.373.(i) <4 vs <10 mW: P. maniculatus P=0.082, P. polionotus P= 0.476;
<4vs <25 mW: P.maniculatus P=0.278, P. polionotus P=5*10""; <10 vs <25 mW:
P.maniculatus P=0.820, P. polionotus P=2*107". Statistical significance for all
comparisons was evaluated with two-sided, two-sample Kolmogorov-Smirnov
test.*P<0.05,**P<0.0L,***P<0.005,***P<0.0001.
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Extended DataFig.10|Invitro patch clamp assessment of intrinsic
propertiesof neuronsinthe dPAG. (a-b) Example current clamp experiments
inthe dPAG of brains slices from P. maniculatus (a) and P. polionotus

(b). Current was injected in steps of 10 nA from -40to 350 nA. (c). Average
current firing rate (+ SEM) curves of dPAG neuronsin P. maniculatus (blue,
n=>52neurons)and P. polionotus (gold, n = 47 neurons). (d-i) Distribution of
intrinsic parameters measured from current clamp experiments of dPAG
neuronsin P. maniculatus (blue, n =52 neurons) and P. polionotus (gold, n = 47
neurons). (d) Input resistance (P=0.60). (e) Membrane capacitance (P=0.15).
(f) Membrane potential (P=0.88). (g) Rheobase (P=0.42). (h) Firing rate
sensitivity (P=0.18). (i) Firing rate threshold (P = 0.38). Statistical significance
evaluated with two-sided, two-sample Kolmogorov-Smirnov test. All statistical
comparisons were not significant (P> 0.05).
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Sample size No methods were used to predetermine sample size. Sample sizes were set to match, or exceed, similar studies in the field. For behavioural
studies we used cohorts of 14-116 animals; comparable experiments in mice have used 28 animals (https://doi.org/10.1016/
j.cub.2016.06.006) or 10 animals (https://doi.org/10.1016/j.cub.2013.08.015). For c-Fos studies we used 21-66 animals; in published studies
quantifying c-Fos in the context of innate behaviours, groups of 6-10 animals were used (https://doi.org/10.1038/s41586-018-0078-2). For
Neuropixels recordings in behaving mice, we used 3-6 animals; comparable studies analysed 135 units obtained from 4 animals (https://
doi.org/10.1073/pnas.2500321122) and we have previously published recordings from 6-8 animals in difficult to target regions (https://
doi.org/10.7554/eLife.50697). Our optogenetic experiments were performed in cohorts of 5-13 animals; similar experiments targeted at
modulating colliculus-mediated behaviours have been performed with groups of 7-8 animals (https://doi.org/10.1038/s41467-024-46460-z).

Data exclusions | For the optogenetics and electrophysiology experiment, animals were excluded if post-hoc immunohistochemistry showed no or little YFP
staining in dPAG and/or incorrect fiber/electrode placement. We excluded optogenetic trials for which the animal moved less than 10 cm/s on
average during the 0.5 s before laser trigger. For the smFISH-IHC analysis, we removed 7 sections that had poor staining intensity. We
removed trials during the sweep-looming experiment when animals retreated to the hut during the sweeping stimulus (P. maniculatus, N=1;
P. polionotus, N=3; P. leucopus, N=8), such that all animals were exposed to the subsequent looming stimulus. We removed trials for which
animals did not show evidence of detecting the stimulus during the experiment to test for the effect of the presence/absence of a hut on the
looming response (P. maniculatus, N=1/0; P. polionotus, N=1/2). All data exclusion criteria are explained in the Methods.

Replication We performed all experiments successfully multiple times. In the Methods section "Animal Usage", a detailed description of the number of
animals per experiment can be found. In the sections describing each experimental protocol, inclusion and exclusion criteria are described.
Each included animal and/or recorded cell represents a replication, which is represented by displaying the individual data points or data traces
for all types of experiments.

Randomization  The behavioral and electrophysiological experiments were based on observations, and no experimental groups were used. For the c-Fos,
optogenetics and chemogenetics experiments, animals were randomly assigned to experimental groups (experimental vs. control).

Blinding Investigators were not blind to experimental conditions. Most analyses in this study rely on quantitative and automated methods to analyse
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Blinding data. To determine if mice had detected a visual stimuli in Extended Data Figure 2, two independent observers manually scored videos, and
only videos were included for which both observers determined that mice detected visual stimuli (for details, see Methods).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies [ ] chip-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Animals and other organisms
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Plants

Antibodies

Antibodies used rabbit anti-c-Fos antibody (Synaptic Systems, 226003), donkey anti-rabbit Alexa 647 antibody (Invitrogen, A31573), donkey anti-
chicken Alexa 488 (Immuno Jackson, 703-545-155), chicken anti-GFP (Thermo Fisher, A-10262), HRP-labeled goat anti-rabbit
antibody (PerkinElmer, NEF812001EA), rabbit anti-GFP (Thermo Fisher, A-11122)

Validation The rabbit anti-c-Fos antibody was validated in tissue with known induction/expression patterns, and compared to alternative c-Fos
antibodies. The manufacturer states that this antibody binds to human, mouse, rat, monkey, dog, pig and cow protein, and was
validated by Western blot and immunohistochemistry. The chicken anti-GFP and rabbit anti-GFP antibodies were validated by the
manufacturer, using relative expression analysis in Western blot.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Peromyscus maniculatus bairdii (BW), Peromyscus polionotus subgriseus (PO), Peromyscus leucopus (LL), Mus musculus (C57BI/6j).
All animals were older than 8 weeks at time of testing.

Wild animals No wild animals were used in this study.
Reporting on sex Our study included both male and female mice, and approximately even numbers of males and females were used in all experiments.
Sex was determined at weaning through inspection of the anogenital area. All behaviors and effects of optogenetic and

chemogenetic manipulation were observed in both sexes, so that we decided to pool data across sexes. Sex was not considered
further.

Field-collected samples  No field collected samples were used in this study.

Ethics oversight Institutional Animal Care and Use Committee (IACUC) of Harvard University, and Animal Ethics Committee of KU Leuven.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a
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