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Pathway-specific inputs to the superior colliculus
support flexible responses to visual threat
Chen Li1,2†‡, Norma K. Kühn1,2‡, Ilayda Alkislar1,3§, Arnau Sans-Dublanc1,2,
Firdaouss Zemmouri1,4, Soraya Paesmans1,2, Alex Calzoni1,2, Frédérique Ooms1,5,
Katja Reinhard1,2||¶, Karl Farrow1,2,5*¶

Behavioral flexibility requires directing feedforward sensory information to appropriate targets. In the superior
colliculus, divergent outputs orchestrate different responses to visual threats, but the circuit organization en-
abling the flexible routing of sensory information remains unknown. To determine this structure, we focused on
inhibitory projection (Gad2) neurons. Trans-synaptic tracing and neuronal recordings revealed that Gad2
neurons projecting to the lateral geniculate nucleus (LGN) and the parabigeminal nucleus (PBG) form two sep-
arate populations, each receiving a different set of non-retinal inputs. Inhibiting the LGN- or PBG-projecting
Gad2 neurons resulted in opposing effects on behavior; increasing freezing or escape probability to visual
looming, respectively. Optogenetic activation of selected inputs to the LGN- and PBG-projecting Gad2 cells pre-
dictably regulated responses to visual threat. These data suggest that projection-specific sampling of brain-wide
inputs provides a circuit design principle that enables visual inputs to be selectively routed to produce context-
specific behavior.
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INTRODUCTION
Animals are born with a catalog of robust behaviors that facilitate
quick and reliable responses to ecologically salient stimuli (1).
While instinctive behaviors are often stereotyped, they can be sur-
prisingly flexible; adapting to an animal’s internal state, prior expe-
rience, and environmental conditions (1, 2). This ability to change
behavior depends on neural circuits that can alter their outputs in
response to the same input. However, many innate behaviors rely on
dedicated feedforward subcortical circuits involving the same sets of
brain structures in different species (2–6).

In the early visual system, the superior colliculus has been dem-
onstrated to be crucial for the processing of visual information that
release innate behaviors (e.g., freezing, escape, and hunting) (7–12).
For example, rapidly expanding spots reliably trigger defensive re-
sponses in a wide variety of animals including flies, fish, rodents,
and primates (13–18). In rodents, the key neuronal circuits of the
superior colliculus mediating visually evoked freezing and escape
responses appear to be formed by dedicated pathways (8, 11, 12,
19, 20). These feedforward pathways show characteristics of being
hard-wired, where distinct cell types receive different sets of inputs
from the retina (21, 22), and project to different sets of collicular
targets (11, 12, 23–25). Together, this circuit architecture results
in the relay of salient visual features and the triggering of behavior
(8, 10–12, 20, 21, 26, 27).

What features of the circuitry of the superior colliculus might
support flexible behavioral responses to the same visual stimulus?
The superior colliculus receives, in addition to inputs from the
retina, input from a large proportion of the nervous system (28–
33). These include inputs from the cortex (CTX), basal ganglia, thal-
amus (TH), and midbrain (MB) that provide information about
context, internal state, or prior experience necessary to appropriate-
ly adjust an animal’s response to the next exposure to the same stim-
ulus (34–36). For example, inputs to the superior colliculus from the
ventral lateral geniculate nucleus of the TH have been shown to
encode anxiety levels that can be influenced by previous exposure
to threat and modify the probability of responding to the next stim-
ulus (37, 38). In addition, inputs from the CTX to the superior col-
liculus alter the gain of visual responses and arrest behaviors (7, 39–
41). These findings suggest that non-retinal inputs could form a
circuit basis for the flexible processing of visual information.

Here, we investigated two distinct populations of inhibitory
Gad2-positive projection neurons (Gad2) in the mouse superior
colliculus that project to the lateral geniculate nucleus (Gad2-
LGN) and the parabigeminal nucleus (Gad2-PBG), respectively.
The two populations encoded similar aspects of visual inputs and
received similar sets of visual information from the retina. In con-
trast, Gad2-LGN and Gad2-PBG displayed different visual response
strengths and sampled different sets of brain-wide inputs, where
some inputs were shared, and others showed strong preferences
for one pathway over the other. Inhibiting either of the two path-
ways directly or activating circuit-specific inputs to the colliculus
had divergent effects on visually triggered behaviors. These data
suggest that circuit-specific non-retinal inputs can modulate the
driving, feedforward information about visual threat and modify
behavioral reactions to repeated exposure of the same stimuli.
Thus, cell type–specific sampling of inputs to the colliculus with
segregated outputs provides the underlying circuit architecture to
support flexible behavioral responses.
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RESULTS
LGN- and PBG-projecting Gad2 cells are separate
populations
The mouse superior colliculus is a layered structure where the
superficial three layers [stratum zonale (SCzo), stratum griseum
superficiale (SCsg), and stratum opticum (SCop)] contain retinor-
ecipient neurons, which is subsequently referred to as the superficial
superior colliculus (SCs) (3, 31). The SCs is composed of several
molecularly defined cell types that each project to a distinct set of
downstream targets (23, 24). One class of projection neurons, the
Gad2+ neurons (Gad2), are GABAergic (23) and inhibit their
target neurons (42). Gad2 neurons have been reported to send
axons to the parabigeminal nucleus (PBG) in the MB and the
lateral geniculate nucleus (LGN) of the TH (23, 43). To confirm
this, we injected a Cre-dependent AAV (AAV-flox-tdTomato-
SypEGFP) into the SCs of Gad2-Cre mice (44), expressing tdTomato
in the cytosol and green fluorescent protein (GFP) at the axonal
endings of Gad2 neurons (Fig. 1). Our injections predominantly
labeled neurons in the SCs (82.4%), with some labeling in the adja-
cent intermediate layers (Fig. 1, A and B). As previously reported
(23, 43), the strongest labeling of Gad2 projections is found in the
ventral LGN (LGv) and PBG (Fig. 1, C to E). In addition, some local
labeling is observed in the dorsal LGN (LGd) and diffuse labeling in
the lateral posterior nucleus of the TH (LP) (Fig. 1, C and E). In the
following experiments, retrograde labeling of Gad2 projection
neurons was targeted to the LGN (LGd and LGv) and the PBG,
but some labeling of the diffuse projections to the LP cannot be ex-
cluded (see Discussion).

To determine whether individual Gad2 cells project to both the
PBG and the LGN, we performed retrograde labeling from the LGN
and PBG by injecting Cre-dependent herpes simplex virus (HSV)
coding for GCaMP6s (HSV-flox-GCaMP6s) or mCherry (HSV-
flox-mCherry) in Gad2-Cre mice (Fig. 2A; see Methods). Our
LGN injection was targeted to the dorsal LGd but led to infection
of the ventral LGv as well (fig. S1, A and B). We found LGN- and
PBG-projecting Gad2 cells (Gad2-LGN and Gad2-PBG) across
many depths of the superior colliculus and have focused our anal-
ysis on the SCs. Gad2-LGN and Gad2-PBG were predominantly
located in the hemisphere ipsilateral to the injection site (fig.
S1C). In the SCs, the LGN-projecting and PBG-projecting Gad2
cells rarely overlapped (Fig. 2, B to D; double positive: 2.81 ±
0.80%; mean ± SEM, 26 sections from four animals). In the SCs,
the LGN-projecting Gad2 cells were concentrated medially, while
the PBG-projecting Gad2 cells were more evenly distributed along
the medial-lateral axis (fig. S1D). Co-injection of HSV-flox-
GCaMP6s and HSV-flox-mCherry into either the LGN or PBG re-
sulted in extensive double labeling of neurons in the SCs, indicating
that the two viruses can co-express fluorophores in the same neuron
(fig. S1, E to H; double positive: 74.41 ± 2.65%; mean ± SEM, 16
sections from three animals). Together, these data indicate that
SCs Gad2 cells consist of at least two distinct populations, one pro-
jecting to the LGN (Gad2-LGN) and the other to the PBG
(Gad2-PBG).

Fig. 1. Axonal targets of Gad2 projection neurons. (A) Example of labeling of Gad2 neurons in the SC after injection of AAV-flox-tdTomato-SypEGFP. (B) Quantification of
the depth of labeled Gad2 neurons. Dot clouds are from individual animals. The violin plot is the distribution of all neurons. n = 5298 cells in 26 slices and four animals. OT,
optic tract. a.u., arbitrary units. (C) Example image of axons in the thalamus and PBG. (D) Zoomed-in view of individual regions to show the presence of synaptic boutons
in each region. (E) Quantification of normalized labeling density and peak density in each region. Thalamus, n = 11 slices and PBG, n = 8 slices in four animals. Control
regions are neighboring thalamic nuclei, either PO, PoT, or VTM, depending on the position of the coronal slice. ***P < 0.001, **P < 0.01, Kruskal-Wallis test.
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LGN- and PBG-projecting Gad2 cells encode similar visual
information
The strict separation of LGN- and PBG-projecting Gad2 cells sug-
gests that the two populations might transfer different features of
the world to their respective brain targets. To test this, we recorded
visual responses of Gad2 neurons in head-fixed, behaving mice
using two-photon calcium imaging (Fig. 3, A to E). To ensure pro-
jection-specific expression of the fluorescent calcium sensor
GCaMP6s, we used a two-viral vector strategy combining Cre-lox
and FLP-FRT conditional expression systems. First, an injection
of a Cre-dependent retrograde virus into the projection area
(PBG: HSV-flox-FLP-mCherry, LGN: a mix 3:2 of HSV-flox-FLP
and AAV-mCherry) allowed for flippase (FLP) expression in Gad2
cells (Fig. 3A; see Methods). Subsequently, an FLP-dependent AAV
(AAV-flip-GCaMP6s) injected into the superior colliculus led to ex-
pression of GCaMP6s in either Gad2-PBG or Gad2-LGN neurons.
All in vivo two-photon imaging in the superior colliculus was per-
formed at depths between 0 and 300 μm. A set of visual stimuli in-
cluding expanding, shrinking, dimming, and sweeping spots of
different speeds and sizes was presented to head-fixed mice that
were free to run on a floating ball (Fig. 3B; see also Methods). We
found that individual neurons responded to most of the visual
stimuli presented (Fig. 3, C to E). When comparing the normalized
peak responses to each stimulus, the two populations showed pref-
erences for similar sets of visual stimuli, where each population
showed the strongest responses to slowly sweeping spots and a
bright looming disk (Fig. 3E and fig. S2).

We next applied Cre-dependent retrograde transsynaptic viral
tracing to target the retinal ganglion cells that innervate Gad2-
LGN and Gad2-PBG neurons, respectively (Fig. 3F and fig. S3, A
and B). Injections of HSV expressing G-protein and TVA in a
Cre-dependent manner (HSV-flox-TVA-G-mCherry) to either the
LGN or PBG of Gad2-Cre mice were followed by injections of G-
deleted rabies virus coated with envelope-A in the superior collicu-
lus (EnvA-RVΔG-GCaMP6f ), expressing a fluorescent calcium in-
dicator in innervating retinal ganglion cells (see Methods). This
allowed anatomical tracing (Fig. 3, G and H), molecular labeling

(Fig. 3I), and two-photon calcium imaging of the labeled retinal
ganglion cells (Fig. 3J).

Our results show that, in accordance with the visual response
properties of the two Gad2 populations, each circuit receives
input from a similar set of retinal ganglion cell types. First, the
labeled retinal ganglion cells from each circuit showed comparable
morphologies; they cover a similar range of dendritic areas indepen-
dent of the stratification depth (bistratified, stratifying outside the
ChAT bands, and monostratified with dendrites below or above
the ChAT bands) (Fig. 3, G and H, and fig. S3C). Second, histolog-
ical staining showed that both LGN- and PBG-projecting Gad2 cells
received input from a similar percentage of ON-OFF direction-se-
lective cells (CART; LGN: 16.3% versus PBG: 15.1%, n = 3 retinas
for each circuit), alpha cells (SMI32; LGN: 40.0% versus PBG:
38.6%, n = 4 retinas for LGN and n = 3 retinas for PBG), and F-
cells (FOXP2; LGN: 5.90% versus PBG: 4.6%, n = 1 retina for
LGN and n = 3 retinas for PBG) (Fig. 3I and fig. S3, D to H).

In addition, the population of retinal ganglion cells innervating
the Gad2-LGN and Gad2-PBG circuits responded to similar sets of
visual stimuli. Visual responses of labeled retinal ganglion cells were
measured using two-photon calcium imaging and targeted patch-
clamp recordings in explanted whole-mount retinas (see Methods
and fig. S3, I to M). A set of visual stimuli including moving bars,
expanding disks, and full-field flashes were presented and the re-
sponses of 393 retinal ganglion cells innervating the Gad2-LGN
circuit (n = 7 mice) and 189 cells innervating the Gad2-PBG
circuit (n = 11 mice) were recorded. Consistent with the CART
staining result, we found that both circuits sampled from direc-
tion-selective cells (Fig. 3J). Similar examples of overlapping re-
sponse types were found for all visual stimuli examined, including
orientation-selective responses and various contrast responses such
as ON-OFF, transient ON or OFF, and sustained ON or OFF re-
sponses (Fig. 3J and fig. S3M). Finally, both circuits received
inputs from retinal ganglion cells with comparable response pat-
terns to behaviorally relevant stimuli including looming and ex-
panding disks (Fig. 3J), as well as a dimming disk (fig. S3M).
Together, the retinal inputs to the Gad2-LGN and Gad2-PBG

Fig. 2. Gad2 cells form two distinct projection-specific populations. (A) Schematic of retrograde virus injection strategy labeling different populations of Gad2 cells.
(B) Example of labeled Gad2 cells in the superficial layers (SCzo, SCsg, and SCop) of the superior colliculus (SCs). LGN-projecting Gad2 cells: blue, GCaMP6+; PBG-pro-
jecting Gad2 cells: red, mCherry+. (C) Zoomed-in view of thewhite square from (B). (D) Quantification of the overlap between neurons labeled from the two locations (LGN
only: 36.01 ± 3.22%; PBG only: 61.20 ± 3.53%; Both: 2.81 ± 0.80%. Twenty-six sections from n = 4 animals. All the data are shown as the means ± SEM (indicated by error
bars). LGN only versus Both: *P = 2.89 × 10−9 PBG only versus Both: 2.87 × 10−9, one-way ANOVA with post hoc multiple-comparison test. See also fig. S1.
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Fig. 3. LGN- and PBG-projecting Gad2 cells encode similar visual information. (A) Schematic of labeling strategy for in vivo 2p calcium imaging of Gad2-LGN and
Gad2-PBG cells in the superficial superior colliculus (SCs). (B) Schematic of the in vivo recording setup. (C and D) Example recordings of Gad2-LGN (C) and Gad2-PBG (D)
neurons. Left: Recording areas with highlighted example neurons. Right: Calcium responses of highlighted neurons to a set of visual stimuli that from left to right are dark
expansion, bright expansion, dark shrinking, dimming, and sweeping (dark and bright). Lines and shaded areas showmedians and interquartile range from 10 repetitions.
Gray rectangles indicate stimulus duration. (E) Boxplots of normalized peak responses to visual stimuli that are normalized by the median peak response to all stimuli
(indicated by the dashed line). Horizontal black lines and boxes indicate median and interquartile range, respectively. Data from four mice per cell population. More
response properties in fig. S2. (F) Injection strategy to express GCaMP6f in circuit-specific retinal ganglion cell populations. (G) Example histological picture of labeled
cells. (H) Dendritic diameter of retinal ganglion cells with different stratification patterns. Horizontal lines indicate medians. *P < 0.05 Wilcoxon rank sum test and two-
sample Kolmogorov-Smirnov test. (I) Percentage of GFP+ cells with labeling of CART, SMI32, or FOXP2. Means ± SEM are shown. Two-proportion z test. (J) Example
responses of retinal ganglion cells innervating the Gad2-LGN (blue) or Gad2-PBG (red) circuit. DS, direction-selective; OS, orientation-selective; ON, positive contrast;
OFF, negative contrast; t, transient; s, sustained. See also fig. S3.
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circuit are similar, resulting in comparable visual encoding proper-
ties in each Gad2 population.

LGN- and PBG-projecting Gad2 cells receive distinct sets of
brain-wide inputs
In addition to the retinal inputs, the superior colliculus receives ex-
tensive inputs from other brain regions (28). To map the non-
retinal inputs, the same transsynaptic labeling strategy as for the
retina was used (Fig. 4A). We conducted systematic analyses by as-
signing raw microscopic images of labeled brain sections from each
individual mouse brain to their corresponding atlas template of the
Allen Brain Atlas with the MATLAB user interface SHARP-Track
toolkit (45) (Fig. 4B and fig. S5A; details in Methods). In a subset of
the experiments, we quantified the position of the starter neurons,
i.e., those that could be identified to be co-expressing mCherry and
GCaMP6. Starter neurons were found predominantly (83%) in the
SCs (fig. S4).

We found that each circuit receives extensive brain-wide inputs
(Fig. 4C and fig. S5B). After counting the labeled neurons, we cal-
culated the proportion of neurons in seven major regions of the
nervous system, including CTX, subcortex (sCTX), TH, hypothala-
mus (HYP), MB, hindbrain (HB), and cerebellum (CB). For each
circuit, the major input regions are the CTX and the MB
(Fig. 4D). In general, we found that there was a preference for in-
nervation from the hemisphere ipsilateral to the injection site
(Fig. 4, C and D). Specifically, the Gad2-PBG circuit sampled
more from the ipsilateral CTX (ipsi versus contra, P = 0.031, one-
sided t test), and the Gad2-LGN circuit received biased inputs from
the ipsilateral sCTX (P = 0.041) and the ipsilateral HYP (P = 0.039).
When comparing the two circuits, we found a trend toward stronger
inputs from the sCTX to Gad2-LGN neurons (LGN versus PBG: P =
0.074) and a similar trend for MB inputs to Gad2-PBG neurons (P =
0.089). Furthermore, the Gad2-LGN circuit received more inputs
from the contralateral CTX (P = 0.016) and TH (P = 0.088). Con-
sidering different rabies virus transfection efficiency, we also com-
pared the result of two different rabies strains, CVS and SAD-B19,
and found stronger labeling of the CTX with the CVS strain.
However, the relative distribution of any input area between the
two circuits (Gad2-PGB and Gad2-LGN) was similar independent
of which virus strain was used (fig. S5C).

To compare the input strength of each circuit, we calculated the
normalized density of circuit-specific inputs from individual areas.
First, along the antero-posterior, dorsal-ventral, and medial-lateral
axis, the input strength was similar between brains, suggesting con-
sistent labeling of input areas (fig. S5D). To compare the relative
input strength to Gad2-LGN versus Gad2-PBG, we computed a
bias index, the logarithm of the ratio of inputs to Gad2-LGN and
to Gad2-PBG (Fig. 4, E and F, and data S1). Of the 69 labeled
areas, 51 showed a significant bias for either the Gad2-LGN or
Gad2-PBG circuit (see Methods). For instance, a number of
inputs from thalamic, hypothalamic, and subcortical areas prefer-
entially innervate Gad2-LGN–projecting neurons (Fig. 4, H to J).
This includes areas that have been previously associated with mod-
ulation of innate behaviors such as the posterior paralaminar nuclei
of the thalamus [PPnT; (10)] and the paraventricular hypothalamus
[PVH; (46)]. Exceptions, with stronger inputs from TH, HYP, and
sCTX to the Gad2-PBG circuit, include the zona incerta [ZI; (47)],
the LGv (37, 38), and the ventromedial hypothalamus (VMH).
Inputs from the CTX and MB contain a similar proportion of

areas with innervation biases for either the Gad2-LGN or Gad2-
PBG circuit (Fig. 4G and fig. S5, E and F).

A number of brain regions including the PVH, the LGv, the PR,
some cortical areas [anterior cingulate area (ACA) and infralimbic
area (ILA)], and several MB nuclei send many axons (high normal-
ized density) to Gad2 neurons in the SCs (Fig. 4, G to J). However,
these areas do not necessarily constitute the main inputs to the two
circuits (normalized percentage). For instance, while a large propor-
tion of ILA neurons target LGN-projecting Gad2 cells, they form
only 0.9% of all inputs to this circuit. Instead, the highest percentage
of input neurons are located in the PAG [10.36% (PBG) and 7.67%
(LGN)], cortical areas responsible for vision, cognition, and motor
output (RSPdl: 4.39% and 4.35%, MOs: 4.21% and 4.00%, RSPv:
3.81 and 2.91%), the ZI (2.75% and 2.10%), and the midbrain retic-
ular nucleus (MRN: 4.42% and 3.00%). LGN-projecting Gad2
neurons receive strong inputs from the hypothalamic nucleus
PeVH (1.62%), the LSd (2.56%), and several cortical areas (VISp:
4.16%, ACAv: 3.65%, ACAd: 3.66%), while PBG-projecting Gad2
neurons are strongly innervated by the somatosensory cortex
(SSp: 4.90%, SSs: 1.87%). Together, while we observed many
common inputs, we found strong biases in the brain-wide inputs
to the Gad2-PBG and Gad2-LGN neuronal populations in the su-
perior colliculus.

Nuclei involved in innate behaviors or encoding of
contextual information provide distinct inputs to Gad2-
PBG and Gad2-LGN cell populations
Next, we investigated the distribution of inputs from brain areas that
are involved in different aspects of innate behaviors or encode con-
textual information (Fig. 5). We found that both circuits receive
comparable inputs from areas involved in encoding of brain state
(Fig. 5, A and B; mean Gad2-LGN: 18%, Gad2-PBG: 14%, P =
0.11). Cognition-related areas preferentially innervated the Gad2-
LGN circuit (nine biased toward Gad2-LGN versus one biased for
Gad2-PBG), while the Gad2-PBG circuit received more motor-
related inputs (mean Gad2-LGN: 24%, Gad2-PBG: 31%, P =
0.029). Inputs from sensory areas showed strong biases for each
circuit (six biased for Gad2-LGN, eight biased for Gad2-PBG,
Fig. 5, B to D). Gad2 projection neurons receive visual information
from various cortical areas, the posterior pretectal nucleus (PPT),
and the LGv. We found a trend toward stronger inputs from
those areas to Gad2-LGN neurons (mean Gad2-LGN: 61% of all
sensory areas, Gad2-PBG: 39%), particularly from posterior and
lateral visual cortical areas (VISpl, VISl, and VISp). In contrast,
the PBG-projecting Gad2 neurons received more inputs from soma-
tosensory areas (mean Gad2-LGN: 23%, Gad2-PBG: 41%, P =
0.018) such as the somatosensory cortex (SSp and SSs). Only one
area that encodes taste information (PB) provides inputs to both
Gad2 cell populations and no olfactory brain areas project to
Gad2 neurons.

Finally, we analyzed the innervation patterns of areas associated
with innate behaviors (Fig. 5E). Most areas have a strong bias for
one or the other Gad2 population. For instance, several motor-
related areas that induce or modulate innate reactions to threat pref-
erentially innervate Gad2-PBG neurons. This includes the substan-
tia nigra pars reticularis (SNr), which facilitates orienting responses
(48) and modulation of avoidance behaviors (49, 50); the deep su-
perior colliculus (SCd) and periaqueductal gray (PAG), which
mediate escape and freezing behaviors (8, 51); and deep nuclei of
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Fig. 4. Selective sampling of brain-wide inputs by LGN- and PBG-projecting Gad2 cells. (A) Schematic of the transsynaptic tracing method. (B) Example slices and
brain areas showing the labeled neurons. (C) BrainGlobe 3D models of a subsample of labeled neurons from each circuit. (D) Percentage of input neurons of Gad2-PBG
(red) and Gad2-LGN (blue) circuits across eight major brain regions. *P < 0.05 one-sided t test. Black stars are comparisons between circuits, and white starts are com-
parisons between hemispheres. (E) Summary of the bias index for each labeled brain area. The dashed line indicates the 95% confidence interval. Abbreviations can be
found in data S1. (F) Example sagittal sections shown at different lateral positions (distance in millimeters from the midline). The color indicates the log ratio of the
neuronal density. (G to J) Normalized percentage (top left), normalized density (middle left), and bias index (bottom left) for each area. (G) CTX, (H) TH, (I) sCTX, and
(J) HYP for each circuit. Example histological sections are shown on the right of each panel. The scale bar of the ZI applies to all panels. See also figs. S4 and S5, table S1,
and data S1 and S2.
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the cerebellum (central lobule, CENT). Biased inputs to Gad2-LGN
neurons are associated with emotions, stress, and control of other
autonomic functions [bed nuclei of the stria terminalis (BST),
medial amygdala nucleus (MEA), and PVH] (52–54).

LGN- and PBG-projecting Gad2 cells are differently
modulated by locomotion
Neurons in the visual system, including the superior colliculus, are
often influenced by behavior (55–58). Therefore, we next deter-
mined whether the biased brain-wide inputs to LGN- and PBG-pro-
jecting Gad2 cells correspond with differential modulation by
behavior in each group. We focused on the influence of locomotion
in the form of running speed, measured alongside the neural re-
sponses during visual stimulation (Fig. 6A). We determined how
strongly each neuron responded to running by measuring the
mean response to the onset of running after the mouse had re-
mained still for a minimum of 5 s (Fig. 6B). While both populations
contain neurons that show clear responses to the onset of running,
PBG-projecting neurons contain a much higher proportion of up-
modulated neurons than the LGN-projecting population (Fig. 6B).
When comparing the response to visual stimulation with the re-
sponses to motion onset, it is clear that LGN-projecting Gad2
cells show much stronger responses to visual stimuli, while PBG-
projecting neurons show stronger responses (positive and negative)
to the onset of locomotion (Fig. 6, C and D, P < 0.001, Kolmogorov-
Smirnov test). This translates into a strong modulation of the visual
responses of Gad2-PBG neurons by locomotion (fig. S6).

The strong modulation by locomotion of Gad2-PBG cells is cor-
roborated by correlating neural responses with the running speed
across the experiment. Both populations showed correlations that
were significantly different from correlations with time-shuffled
speed traces (Fig. 6E). However, PBG-projecting Gad2 cells
showed a stronger bias for positive correlations with running
[mean difference 0.115 with (0.0844, 0.145) 95% CI, P < 0.001,
two-sided permutation t test]. The strong modulation of PBG-pro-
jecting Gad2 cells by locomotion corresponds well with the ob-
served biases of motor inputs to this circuit.

Behavioral outputs of the LGN- and PBG-projecting Gad2
cells are different
Mice show strong innate behavioral responses to threatening stimuli
(14, 17). To investigate whether the two target-specific populations
of Gad2 cells play different roles in innate behaviors, we blocked
these pathways using DREADDs (Designer Receptors Exclusively
Activated by Designer Drugs) (59, 60). We selectively expressed a
modified form of the human M4 muscarinic receptor (hM4Di) in
either the LGN- or PBG-projecting Gad2 cells, using a double con-
ditional strategy (Fig. 7, A and B, and fig. S7, A and B; see Methods).
Neuronal activity of labeled neurons can be suppressed by its
agonist clozapine N-oxide [CNO; (61)]. On the day of the behavio-
ral test, 30 min after the systemic injection of CNO (2 mg/kg, intra-
peritoneal), mice were allowed to explore an arena for at least 5 min
(Fig. 7C). Then, threat-like stimuli were presented: We used a
looming stimulus consisting of 15 repetitions of an expanding
dark disk that lasted 15 s in total and a sweeping stimulus, consisting
of 1 repetition of a small dot moving from one side to the other side
of the arena within 4 s (fig. S7C; see Methods). These two visual
stimuli were shown multiple times in a random sequence on the
monitor above the animal. The animal’s motion was recorded
using a camera below the arena (Fig. 7C) and extracted off-line
with DeepLabCut (62) (see Methods and fig. S7D).

In response to the looming visual stimuli, mouse behavior was
classified as either freezing (movie S1), escape (movie S2), or other
(fig. S7, E and F). We calculated the proportion of observed

Fig. 5. Brain-wide inputs implicated in innate behavior modulation and con-
textual information selectively innervate LGN- and PBG-projecting Gad2
cells. (A and B) Inputs from major functional groups of brain areas. (A) Mean ±
SEM of the normalized percentage of each input class for Gad2-PBG and Gad2-
LGN. (B) Heatmap depicting the bias index of each area as shown in Fig. 4E,
sorted separately for each functional class. Normalized densities for each circuit
are indicated in gray. Major brain regions are depicted on the right. (C and D)
Inputs from sensory areas. (E) Inputs associated with innate behaviors. *P < 0.05
one-sided t test. See also table S1 and data S1 and S2.
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behaviors in response to the first trial of the looming stimulus and
found that control mice (n = 19) injected with saline showed a
strong preference for escape behaviors (Fig. 7, D and E).
However, inhibiting the LGN-projecting Gad2 cells led to more
freezing responses (n = 15; Gad2-LGN versus CTR: P < 0.001;
Gad2-PBG versus CTR: P < 0.001), and inhibiting the PBG-project-
ing Gad2 cells increased the likelihood of escape responses to a
looming stimulus (n = 12; Gad2-LGN versus CTR: P < 0.001;
Gad2-PBG versus CTR: P < 0.001) (Fig. 7E and fig. S7, G and H).
Reactions to a sweeping stimulus were affected with a similar bias:
freezing responses increased during inhibition of Gad2-LGN–pro-
jecting cells, while some animals escaped during Gad2-PBG inhibi-
tion (fig. S7, I and J). Escape reactions were rarely observed in the
control group (fig. S7K). The observed circuit-specific patterns were
confirmed by a set of parameters: We found that the distance trav-
elled during stimulus presentation (0–3 s) was shorter when inhib-
iting Gad2-LGN cells compared to controls and Gad2-PBG
inhibition (median CTR: 47.3 cm, Gad2-LGN: 9.6 cm, Gad2-
PBG: 68.9 cm; CTR versus Gad2-LGN: P = 0.054; Gad2-PBG
versus Gad2-LGN: P = 0.004; Kruskal-Wallis test; Fig. 7F).
During the stimulus, control and Gad2-PBG–inhibited animals
ran predominantly toward the shelter (distance to shelter decrease
CTR: P = 0.006; Gad2-PBG: P = 0.002, Wilcoxon rank sum test;
Fig. 7G). When comparing animals of each group that showed
freezing behavior, we found that Gad2-LGN–inhibited mice froze
for a prolonged duration (median freezing time CTR: 3 s; Gad2-
LGN: 7.5 s; CTR versus Gad2-LGN: P = 0.04, Kruskal-Wallis test;
Fig. 7H). Similarly, we found a tendency toward longer escape laten-
cies in the few escaping Gad2-LGN–inhibited animals (median
latency CTR: 4.7 s, Gad2-LGN: 4.5 s, Gad2-PBG: 3.6 s; Fig. 7I). In
conclusion, decreasing inhibition to the PBG increases escape be-
haviors, while decreasing inhibition to the LGN increases the prob-
ability and duration of freezing. These findings demonstrate that
while inhibitory output circuits of the colliculus are not necessary
to drive innate behaviors, the degree of activation of each pathway

changes the probability of which behavior, escape or freezing, is
triggered by aversive visual stimuli.

Activation of input brain areas causes circuit-specific
changes in behavior patterns
To test whether non-retinal inputs to the colliculus predictably
modify the balance between freezing and flight, we activated
circuit-specific input from two areas during the presentation of
overhead visual stimuli in freely moving animals. The two areas
chosen for manipulation were the ACA, which provides preferred
input to Gad2-LGN–projecting cells, and the ZI, which has a bias
for the Gad2-PBG circuit.

Transsynaptic rabies tracing was used to express Channelrho-
dopsin-2 (ChR2) by first injecting a floxed helper virus into the
LGN or PBG [HSV-floxed-TVA-G(CVS)-mCherry] and, second, a
Channelrhodopsin-2 encoding rabies vector into the superior colli-
culus (EnvA-RVΔG-ChR2-YFP) (Fig. 8A, see Methods). We found
that ACA and ZI inputs to the two circuits were distributed differ-
ently (fig. S8). Gad2-LGN cells received inputs from anterior-
ventral ZI neurons (fig. S8A) and more lateral ACA neurons com-
pared to the Gad2-PBG circuit (fig. S8B). During experiments,
ChR2-expressing neurons in either the ACA or ZI were activated
for periods of 20 s via optic fibers implanted bilaterally in the
ACA or unilaterally above the ZI (Fig. 8B and fig. S9). Soon after
the optogenetic stimulus began and when the animal entered the
threat zone, the visual looming stimulation was started and lasted
for 15 s. Optogenetic stimulation started at least 0.7 s before the
visual stimulus and covered at least the first 6.5 s of the stimulation
period. ChR2 expression and fiber placement were checked post-
mortem (Fig. 8C). We extracted the mouse position and calculated
the running speed during the presentations of the looming stimulus
(Fig. 8D) as described for previous behavior experiments
(see Methods).

We found that optogenetically activating ACA or ZI inputs to the
superior colliculus had circuit-specific effects on behavior. First,

Fig. 6. LGN- and PBG-projecting Gad2 cells are differentlymodulated by locomotion. (A) Example responses to looming and locomotion of LGN-projecting (top) and
PBG-projecting (bottom) Gad2 cells. Shaded areas indicate looming duration, and heatmaps below each block show running speed. (B) Top: Heatmaps of normalized (by
SD), baseline-subtracted responses to onsets of running (preceded by >5 s of not running). Grouping by mean response during running into up-modulated (>1), down-
modulated (<−1), and non-modulated (else). Bottom: Median running speed and interquartile range from all running onset events. (C) Gaussian kernel fit distribution of
mean peak responses to visual stimuli and modulation by running events. Two-dimensional fit shows levels including 5, 25, 50, 75, and 95% of values. (D) Background-
subtracted mean running response of groups in (B). Boxes, vertical lines, and indents show interquartile range, median, and confidence interval of the median, respec-
tively. *P < 0.001 from two-sample Kolmogorov-Smirnov test. (E) Cumulative density functions of Pearson correlation coefficients between neural responses and running
of the full experiment. Gray curve from shuffled speed traces. Shaded areas indicate confidence interval. Gad2-LGN and Gad2-PBG means are significantly different, P <
0.001, two-sided permutation t test. Data from n = 4 mice for each labeled population. See also fig. S6.
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activation of either the ACA or ZI inputs to the Gad2-LGN circuit
decreased the probability of eliciting a reaction to visual threat
(Fig. 8E) (CTR n = 36 of total trials, ACA-Gad2-LGN n = 16, ZI-
Gad2-LGN n = 15 CTR versus ACA-Gad2-LGN P < 0.001; CTR
versus ACA-Gad2-LGN P = 0.005). Second, when a behavior was
triggered, the relative occurrence of freezing and flight tended to
be different, compared to controls, for all manipulations [Fig. 8F;
CTR n = 18/12 (escape/freezing); ACA-Gad2-PBG n = 1/5; ZI-
Gad2-LGN n = 1/4; ZI-Gad2-PBG n = 6/2]. Projection neurons
from the ACA to the colliculus are likely excitatory pyramidal
neurons (Fig. 8C), while ZI inputs are predominantly GABAergic
(28, 63). Given that inhibition of the Gad2-PBG and the Gad2-
LGN circuit facilitates escape and freezing, respectively (Fig. 7E), ac-
tivation of these circuits would be expected to have the opposite
effect on behavior. Activating excitatory ACA inputs to the Gad2-
PBG circuit (i.e., increasing inhibitory drive to the PBG) increased
the probability of freezing compared to activation of ACA inputs to
the Gad2-LGN circuit (Fig. 8G) (P < 0.001 two-sample Kolmogo-
rov-Smirnov test). On the other hand, stimulation of the inhibitory
inputs from the ZI (i.e., decreasing inhibitory drive to the PBG or
LGN) mimicked the effect of the chemogenetic inhibition of each
circuit observed in Fig. 7. Activation of ZI inputs to the Gad2-PBG
circuit led to a relative increase in escape behaviors, and activation
of the ZI inputs to the Gad2-LGN led to a relative increase in freez-
ing (Fig. 8H and fig. S9) (escape: P < 0.001; freeze: P < 0.001 two-

sample Kolmogorov-Smirnov test). Together, we found that activa-
tion of single non-retinal inputs predictably modifies the balance of
visually evoked freezing and flight behaviors as expected based on
the innervation bias of each input to the Gad2-LGN or Gad2-PBG
circuits, and the results of our chemogenetic experiments (Figs. 4
and 7).

DISCUSSION
We describe the projection-specific logic by which the superior col-
liculus samples brain-wide inputs, providing a circuit design prin-
ciple that enables the feedforward transfer of visual threat to be
appropriately routed to trigger context-dependent behavior. Com-
bining transsynaptic circuit tracing with two-photon imaging and
pathway-specific manipulations, we compared the anatomical and
functional input structure to two distinct populations of inhibitory
projection neurons (Gad2-LGN or Gad2-PBG) in the superior col-
liculus. We showed that while the LGN- and PBG-projecting Gad2
cells encode similar aspects of the visual scene (Fig. 3), each popu-
lation samples distinct sets of non-retinal inputs from other brain
regions (Figs. 4 and 5), corresponding with the differential modu-
lation of visually evoked activity in each circuit (Fig. 6). Indepen-
dent chemogenetic inhibition of the Gad2-LGN and Gad2-PBG
pathways shifted the behavioral response to overhead stimuli
toward freezing and escape, respectively (Fig. 7). In addition,

Fig. 7. LGN- and PBG-projecting Gad2 cells differently modulate looming-triggered defensive behaviors. (A) Schematic showing the virial strategy to specifically
express hM4Di in either the LGN- or the PBG-projecting Gad2 cells. (B) Example brain slices showing the hM4Di expression (conjugated with mCherry, gray) in either the
LGN-projecting (top) or the PBG-projecting cells (bottom). (C) The setup for behavioral test. (D) The median speed of all animals in each experimental group. Thin lines
indicate 25% and 75% percentiles. Time 0 indicates the onset of the visual stimulus. (E) Cumulative probability of freezing (top) and escape (bottom) in the Gad2-LGN–
inhibited (blue) and Gad2-PBG–inhibited (red) animals, and the control group (CTR, gray). *P < 0.01 two-sample Kolmogorov-Smirnov test. (F) Travel distance during 3 s
after the looming stimulus. Horizontal lines indicate the median distance traveled. (G) Comparison of the distance before and during the looming stimulus. (H) Freezing
time for freezing animals only. (I) Escape latency for escaping animals only. See also fig. S7 and movies S1 and S2.
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Fig. 8. Optogenetic activation of inputs to LGN- and PBG-projecting Gad2 cells predictably regulates responses to visual threat. (A) Schematic showing the viral
strategy to specifically express ChR2 in the input brain regions to either the LGN- or the PBG-projecting Gad2 cells. (B) The setup for behavioral testing. (C) Histological
section showing the expression of YFP conjugatedwith ChR2 in the anterior cingulate area (ACA) and zona incerta (ZI) and fiber positions. For the ACA, the two fibers were
inserted at different angles (see fig. S7A). (D) Example (left) and average (right) speed traces in control animals and during different manipulations. (E) Percentage of
looming stimulation trials leading to any type of innate behavior. One hundred percent corresponds to n = 36 trials from n = 18 animals (CTR), n = 16/8 (ACA-Gad2-LGN), n
= 7/4 (ACA-Gad2-PBG), n = 15/7 (ZI-Gad2-LGN), and n = 15/5 (ZI-Gad2-PBG). **P < 0.01, ***P < 0.001 Fisher’s exact test with Bonferroni correction. (F) Distribution of
escape and freezing behavior. One hundred percent corresponds to all trials with behavior [black in (E)]. (G) Cumulative probability of freezing behavior during opto-
genetic activation of ACA inputs to each circuit. (H) Cumulative probability of escape behavior during optogenetic activation of ZI inputs to each circuit. ***P < 0.001 two-
sample Kolmogorov-Smirnov test. See also figs. S8 and S9.
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optogenetic activation of select inputs to each circuit affected the
behavioral responses of the animals consistent with which
pathway they innervated (Fig. 8). Our findings suggest that projec-
tion-specific sampling of brain-wide inputs provides a circuit design
principle that supports the flexible response to the same visual
stimuli by enabling selective gain control of different output path-
ways of the superior colliculus (Fig. 9).

Projection targets define two populations of Gad2 cells
with distinct roles in behavior
The retino-recipient neurons of the mouse superior colliculus
consist of morphologically, functionally, and genetically defined
cell types that project to distinct sets of downstream targets (12,
23–25, 43, 64–66). Aside from wide-field neurons, which exclusively
project to the LP, each class of neurons has been reported to project
to at least two downstream targets (12, 23, 24). Here, using projec-
tion-specific retrograde labeling, we reveal that Gad2 projection
neurons in the SCs are composed of at least two separate popula-
tions, one projecting to the LGN (predominantly the LGv) and
the other to the PBG (Fig. 2). This is consistent with the different
distributions of cell bodies found of retrogradely labeled Gad2
neurons in the superior colliculus projecting to either the Pbg or
LGv by Whyland et al. (43). It is likely, given the diversity of den-
dritic anatomies and visual response properties observed in the
populations of inhibitory projection neurons, that each projection
is composed of more than one subtype (23, 43).

There are conflicting reports about where within the visual TH
Gad2 neurons of the superior colliculus project (23, 43). Here, we
observed that while most Gad2 neurons in the SCs innervate the
LGv, there are diffuse projections to the LP and a focal projection
to the LGd (Fig. 1). Previous reports have not described that the LP
receives input from Gad2 neurons of the SC (23, 43). However,
diffuse axonal labeling is visible in the histological image of figure
8a in Gale and Murphy (23). It remains to be determined whether
the projections to different thalamic nuclei originate from different
layers of the SC or whether collaterals of single neurons innervate
the LGd, LGv, and LP. In addition, it has been suggested that the
putative Gad2 projections to LGd are a consequence of transsynap-
tic labeling via the pretectum (43). In our experiments, while we

observe some axons in the LGd, we do not observe labeling of cell
bodies in the pretectum using our double conditional labeling strat-
egy (fig. S7).

In addition to projecting to distinct targets, different classes of
neurons and different output pathways of the superior colliculus
play distinct roles in visually guided orienting and defensive behav-
iors in mice (6, 8–12, 20, 39). Here, we demonstrate, using pathway-
specific inhibition, that the role of Gad2 neurons projecting to the
PBG and LGN are different. Whereby chemogenetic inhibition of
Gad2-LGN neurons results in more and prolonged freezing re-
sponses to the presentation of looming stimuli, inhibition of
Gad2-PBG neurons results in an increased probability of escape.
These results are consistent with previous optogenetic activation ex-
periments in two important ways. First, selective activation of excit-
atory projections to the PBG results in escape behaviors (12), which
is in accordance with the increase in escape we observed when re-
moving inhibition to the PBG. Second, while the role of the collicu-
lo-LGN circuit in innate behavior has not been previously
investigated, arrest and freezing behaviors can be induced by acti-
vating various sets of neurons in the colliculus (10, 12, 20). Given
that we observe the diffuse Gad2 projections to the LP, we cannot
exclude that freezing behavior is modulated by these projections.
Together, we found that the two populations of projection-
defined inhibitory neurons—Gad2 cells—were involved in modu-
lating behavior in response to the presentation of an overhead visual
stimulus.

Gad2 cell populations receive distinct sets of brain-wide
inputs, but share visual properties
Output circuits of the colliculus that drive different innate behaviors
have been shown to encode distinct aspects of the visual scene (9, 11,
23, 26, 67) and to receive separate sets of inputs from the retina (21).
This suggests a tight link between the visual information that is
encoded in a particular output circuit of the superior colliculus
and the type of behavior this circuit triggers. The two inhibitory
output pathways of the colliculus investigated here likely have a
modulatory rather than an initiating role in behavior. We found
that each population of Gad2 neurons, independent of their projec-
tion target, encodes similar visual features and receives a similar set

Fig. 9. Summary: Selective sampling of brain-wide inputs by LGN- and PBG-projecting Gad2 cells regulates routing of feedforward visual information and
responses to visual threat. (Left) Circuit architecture that allows for flexible behavioral responses to a looming stimulus. (Right) Effects of circuit manipulations on
looming evoked innate responses.
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of inputs from the retina. Hence, contrary to descriptions of other
output circuits of the colliculus, it appears that for Gad2 neurons, it
is not the type of visual threat that favors activation of one circuit
over the other. Instead, we found strong biases in the non-retinal
inputs to Gad2 neurons and circuit-specific modulation by locomo-
tion. This suggests that the balance of activation between each Gad2
output circuit, and the resulting behavior, is mediated by informa-
tion about the animal’s activity, internal state, or surroundings.

The brain-wide inputs to the superior colliculus have been exten-
sively documented in mice and other small rodents (28, 31). Almost
all cortical areas that we found to innervate Gad2 neurons are
known to provide input to the superior colliculus. This includes
several visual cortical areas and the retrosplenial cortex (28, 68),
ACA, the auditory (AUD) and motor cortex (MOs), somatosensory
cortices (SSp and SSs), orbital (ORB) and temporal association areas
(TEa), and ILA and prelimbic (PL) areas (28). Similarly, many of the
MB areas found in this study have been previously shown to inner-
vate the superior colliculus, i.e., PPN, PAG, APN, CUN, SNr, and
IC (28).

These results hold very well for the inputs to the Gad2-PBG
circuit, where only 3 of the 21 PBG-biased areas have not been pre-
viously described in mice (PCGSG, MRN, and CENT). However, in
the Gad2-LGN circuit, 17 of the 28 Gad2-LGN-biased inputs have
not been previously described. Most of those areas are hypothalam-
ic nuclei [PeVH, medial mammillary nucleus (MM), PVH, lateral
preoptic area (LPO), preoptic nuclei, anterior hypothalamic
nucleus, and dorsal hypothalamic nucleus], but also include parts
of the striatum (LSv, LSd, and MEA), TH (PPnT and VPM), MB
(anterior and ventral tegmental nucleus and red nucleus), and
some other nuclei (BST, dorsal peduncular area, and prosubicu-
lum). In addition, of the 20 balanced inputs to Gad2 neurons,
seven nuclei have not previously been reported to provide input
to the superior colliculus in mice, accessory oculomotor nuclei,
medial vestibular nucleus, nucleus of the optic tract, central amyg-
dala, posterior hypothalamic nucleus, premammilary nucleus, and
PPT (28, 31, 69, 70). Together, we identified a number of non-cor-
tical input areas that have not previously been described.

There are two likely reasons why we identified regions not pre-
viously reported to provide input to the colliculus. First, each study
used different tools to label the inputs to the superior colliculus. For
example, Benavidez et al. (28) combined anterograde tracing, with
AAVs and dye injections, into mostly cortical areas with retrograde
tracing using cholera toxin-B. Only a few projections were investi-
gated using rabies viral vectors. Because of the high transfection ef-
ficiency of the CVS variant of rabies vectors used here, we might
have labeled sparse, previously unobserved input regions such as
the MM and LPO. A recent rabies tracing study has claimed to
also identify previously unknown connections due to increased
transmission efficiency of the CVS strain (71). Second, different
methods were used to identify input areas. While we counted cell
bodies, Benavidez et al. (28) analyzed fluorescence intensity,
which, for sparsely labeled areas, might not cross the detection
threshold. Together, we found a strong overlap with previously
identified cortical inputs to the superior colliculus while also iden-
tifying previously unidentified, subcortical input regions using an
efficient rabies-based transsynaptic tracing approach.

Retrograde transsynaptic labeling of retinal and brain-
wide inputs
To target the retinal and brain-wide inputs to the colliculus, we
applied a rabies virus-based transsynaptic strategy where a Cre-de-
pendent helper virus expressing the receptor TVA and rabies-G was
injected into one of the targets of Gad2 neurons. Subsequently, an
EnvA-coated rabies virus was injected into the superficial layers of
the superior colliculus to specifically target the LGN- or PBG-pro-
jecting Gad2 cells. We have previously shown that our helper virus
has no leakage in Cre-negative animals (21). To decrease neuronal
toxicity and increase transduction efficiency, we used the CVS-N2c
rabies strain in addition to the SAD-B19 strain (72, 73). When com-
paring the data obtained with the two strains, we found similar rel-
ative infection rates for individual brain areas innervating Gad2-
LGN or Gad2-PBG (fig. S5C). However, in general, experiments
using the CVS-N2c strain showed a selective increased efficiency
in transfecting the CTX compared to experiments using the SAD-
B19 strain. While this will not affect the comparison of the inputs
from any single area to the two Gad2 populations, it does affect the
relative percentages and densities among different areas and needs
to be taken into account when comparing the results reported here
to other studies of inputs to the colliculus.

The quality of the labeling of inputs depends on a combination
of injection precision and the chance of labeling nearby axonal pro-
jections to off-target areas. The PBG is not in close proximity to
other targets of Gad2 neurons, and hence, the risk of infecting
non-PBG–projecting neurons with the helper virus is small. In
the case of the LGN, we targeted the dorsal part, but due to the
close proximity we obtained labeling of axons projecting to both
the ventral and dorsal LGN, which both receive inputs from the su-
perior colliculus (23, 43, 74). We found labeled Gad2 neurons in the
superficial layers of the SCs after retrograde labeling from both the
PBG and LGN (Fig. 3 and fig. S4D).

To limit our investigation to the SCs, we performed depth
limited injections of AAV and rabies virus. This resulted in the la-
beling of neurons that were primarily limited to the SCs for our two-
photon imaging (Figs. 3 and 6), chemogenetic manipulation (Fig. 7
and S7), and rabies tracing experiments (fig. S4). In our rabies
tracing experiments, we found that the vast majority of starter
cells in our experiments were indeed in the SCs (83%), but some
putative starter neurons (17%) were also found in the intermediate
SC, predominantly located close to the border of the SCs in the SCig
(fig. S4). Some of the inputs that we describe here, in particular the
sparsely labeled inputs, might be a consequence of labeling starter
neurons below the SCs, likely in the SCig. In summary, the combi-
nation of the Gad2-Cre mouse line with local injection of a helper
virus and highly efficient rabies viral vectors allowed us to confi-
dently identify the inputs to Gad2 neurons in the colliculus.

What role projections from the colliculus to the LGN have in
guiding innate behaviors or whether direct projections from the
retina to the visual TH play a role in avoiding danger remains
unclear. Here, we found reliable changes in visually guided reac-
tions to threat when manipulating Gad2-LGN projections, suggest-
ing that projections to the LGN do influence visually guided
behavior. As we also found Gad2 projections in the LP, it remains
to be determined whether these LP projections are collaterals of
LGN-projecting Gad2 neurons or an independent set of projections
from neurons in the SCs or SCig.
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Modulation of behavior through circuit-specific non-
retinal inputs
There is a strong relationship between the functional response prop-
erties of the Gad2-LGN and Gad2-PBG neural populations and the
inputs they receive from across the brain (Figs. 5 and 6). We found
that 51 brain areas provide preferential input to one of the two Gad2
inhibitory output pathway of the superior colliculus, creating a
circuit architecture that enables the selective integration of broad
sets of inputs (sensory, motor, state, memory, etc.). For example,
we found that motor-related areas tend to innervate PBG-projecting
Gad2 neurons, which, in turn, are more strongly modulated during
locomotion, while LGN-projecting Gad2 cells receive more inputs
from areas associated with cognitive functions. This organization
suggests that information about self-motion has a larger impact
on escape reactions, while knowledge about the environment and
memories might exert a greater influence on arrest behavior.

How any specific input to Gad2 neurons modulates innate be-
haviors in a pathway-specific manner remains to be determined.
We investigated the effect of two areas, the ZI and the ACA. The
ZI is associated with a gating role between sensory stimuli and
motor responses (75, 76) and is involved in auditory innate flight
responses (77) and predatory hunting (78). The rodent ACA has
been determined to have a critical role in regulating fear responses
to learned threats (79–81) and in reducing innate freezing responses
(82), while in primates, the ACA plays a role in mediating innate
fear (83–85). Manipulations that increased the excitability of the
LGN over the PBG (activation of Gad2-LGN–projecting putative
GABAergic ZI neurons or activation of Gad2-PBG–projecting pu-
tative glutamatergic ACA neurons) led to the favoring of freezing
over escaping behaviors. On the other hand, increasing the excit-
ability of the PBG through activation of Gad2-PBG–projecting ZI
neurons favored escape responses. These manipulation experiments
resulted in changes to the balance of behaviors evoked by visual
looming that were predicted by the input-output relationship of
the circuit being activated.

However, there are a few caveats to our interpretation above. We
observed that optogenetic activation of Gad2-LGN–projecting ACA
neurons abolished most innate reactions to the presentation of over-
head looming stimuli. This could be the result of ACA inputs being
some of the most numerous inputs to Gad2 neurons (Fig. 4), sug-
gesting that optogenetic stimulation might lead to enough excitato-
ry drive of inhibitory neurons in the colliculus to eliminate visual
triggering of behavior. Alternatively, ACA neurons innervating
the Gad2-LGN circuit might have collaterals that innervate other
collicular neurons or brain regions and hence influence behavior
via more than one pathway. Within the superior colliculus, some
neurons in the ZI and ACA could have collaterals innervating
both the Gad2-LGN and Gad2-PBG circuit. This is unlikely as we
found differences in the spatial distribution of input neurons, from
both the ZI and ACA, to the two circuits (fig. S8), and activating
circuit-specific ZI and ACA inputs to the superior colliculus result-
ed in a predictable impact on behavior based on their innervation
biases and the effect of chemogenetic inhibition of the Gad2-LGN
and Gad2-PBG pathways (Figs. 7 and 8F). In addition, the ACA and
ZI neurons, retrogradely labeled from the dorsal superior colliculus,
may have collaterals that project to deeper layers. While we predom-
inantly labeled inputs to the retino-recipient layers of the superior
colliculus (fig. S4D), it is known that most of the inputs from both
the ACA and ZI innervate the intermediate and deep layers of the

superior colliculus (28, 86). It is currently unknown to what extent
inputs to distinct layers of the superior colliculus are carried by
either different neurons or collaterals of the same neuron.

In summary, we uncover that different output circuits of the su-
perior colliculus sample from distinct brain-wide networks, such
that the feedforward transfer of visual information can be selectively
adjusted to influence behavior. We suggest that this circuit structure
allows the superior colliculus to selectively integrate a broad set of
inputs (sensory, motor, brain state, and memory) to flexibly switch
the relationship between sensory inputs and behavioral outputs.
Specifically for the superior colliculus, the combination of circuit-
specific sampling of inputs and segregated outputs provides the
circuit infrastructure to support the flexible triggering of behavior
in response to the same visual stimulus under different conditions.
These results represent one circuit motif of theoretical work predict-
ing that flexible input-output mappings require non-random con-
nections among multiple subpopulations of neurons (87).

METHODS
Experimental design
This study investigates two populations of Gad2-positive neurons of
the mouse superior colliculus (sensory-related part: SCzo, SCsg,
and SCop) projecting to either the LGN or PBG (Gad2-LGN and
Gad2-PBG neurons). In four parts, we looked at the intersection
of the two populations, each population’s response to visual
stimuli and locomotion, their brain-wide inputs, and their involve-
ment in innate defensive behavior. First, projection targets of Gad2-
positive neurons of the SCs were confirmed and the intersection of
both populations was investigated by Cre-dependent anterograde
and retrograde tracing in the Gad2-IRES-Cre mouse line, respective-
ly. Second, the neural responses were investigated by awake head-
fixed two-photon calcium imaging of the retrogradely traced pop-
ulations. Third, retrograde transsynaptic tracing allowed the identi-
fication of brain-wide inputs to the two circuits. Fourth, freely
moving behavior experiments paired with either chemogenetic in-
hibition of Gad2-LGN or Gad2-PBG neurons, or optogenetic acti-
vation of each population’s ZI or ACA inputs, while animals were
presented with a visual threat, allowed investigating the contribu-
tion of these circuits on innate defensive behaviors. A list of mice,
viruses, equipment, software, and resources used is provided
in Table 1.

Mice
All experimental procedures were approved by the Ethical Commit-
tee for Animal Experimentation (ECD) of the KU Leuven and fol-
lowed the European Communities Guidelines on the Care and Use
of Laboratory Animals (014-2018/EEC, 165-2018/EEC, 166-2018/
EEC). Both male and female adult (1 to 3 months old) transgenic
Gad2-IRES-Cre mice (JAX: 10802) were used in our experiments
(Table 1). Mice were kept on a 12-hour light-dark cycle (lights on
at 7:00 a.m.), and sterilized food pellets and water were provided
ad libitum.

Virus strategy
Labeling of SC Gad2 projections
Cre-dependent AAV (AAV-flox-tdTomato-SypEGFP) (50 nl) coding
for tdTomato and GFP-tagged synaptophysin was unilaterally in-
jected to the SC of Gad2-Cre mice.
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Table 1. Resource table.

Reagent/
Resource

Designation Source or reference Identifiers

Genetic reagent
(Mus musculus)

Gad2-IRES-CRE mouse line The Jackson Laboratory JAX:10802

Antibody Anti-GFP (chicken, polyclonal, 1:500) Thermo Fisher Scientific Catalog no. A-10262; RRID: AB_2534023

Antibody Alexa 488 donkey anti-chicken 1:500 Jackson ImmunoResearch Catalog no. 703-545-155; RRID:
AB_2340375

Antibody Anti-ChAT (goat, polyclonal, 1:200) Millipore Catalog no. AB144P; RRID: AB_11214092

Antibody Alexa 633 donkey anti-goat 1:500 Thermo Fisher Scientific Catalog no. A-21082; RRID: AB_10562400

Antibody SMI32 (mouse, monoclonal, 1:1000) BioLegend Catalog no. 801701; RRID: AB_2564642

Antibody Cy3 donkey anti-mouse (1:400) Jackson ImmunoResearch Catalog no. 715-165-151; RRID:
AB_2315777

Antibody Dylight 405 donkey anti-mouse Thermo Fisher Scientific Catalog no. A-48257; RRID: AB_2884884

Antibody Dylight 405 donkey anti-mouse Jackson ImmunoResearch Catalog no. 715-475-150; RRID:
AB_2340839

Antibody Anti-CART (rabbit, polyclonal, 1:500) Phoenix Pharmaceuticals H-003-62; RRID: AB_2313614

Antibody DyLight 405 donkey anti-rabbit 1:400 Jackson ImmunoResearch Catalog no. 715-475-150; RRID:
AB_2340839

Antibody 555 Donkey anti rabbit 1:500 Thermo Fisher Scientific Catalog no. A-31570; RRID: AB 2313501

Antibody FOXP2 (goat, polyclonal, 1:500) abcam Catalog no. 1307; RRID: AB_1268914

Antibody Alexa 555 donkey anti-goat 1:300 abcam Catalog no. ab150130

Antibody Anti-RFP (rabbit, polyclonal, 1:1000) Rockland Catalog no. 600-401-379; RRID:
AB_2209751

Antibody DAPI (1:2000) Roche Catalog no. 10276236001

Tracer Lipophilic tracers DiI, DiD, DiO Thermo Fisher Scientific Catalog nos. D7776, D7757, and D275

Virus EnvA-RVΔG-GCaMP6s: EnvA-coated
SAD-B19-△G-GCaMP6s

This paper is based on aliquots obtained from
the Laboratory of Botond Roska/Karl-Klaus

Conzelmann

N/A

Virus EnvA-RVΔG-GCaMP6f: EnvA-coated CVS-
N2c-△G-GCaMP6f

This paper is based on aliquots obtained from
the Laboratory of Andy Murray

N/A

Virus EnvA-RVΔG-Chr2-YFP: EnVA-coated CVS-
N2c-ΔG-Chr2-YFP

This paper is based on aliquots obtained from
the Laboratory of Andy Murray

N/A

Virus HSV-flox-GCaMP6s: HSV-hEF1α-
LS1L-GCaMP6s

R. Neve (MGH) RN507

Virus HSV-flox-mCherry: HSV-hEF1α-
LS1L-mCherry

R. Neve (MGH) RN413

Virus HSV-flox-TVA-G-mCherry (SAD): HSV-
hEF1α-LS1L-TVA950-T2A-G-

IRES-mCherry

R. Neve (MGH) RN716

Virus HSV-flox-TVA-G-mCherry (CVS): HSV-
hEF1α-LS1L-TVA950-T2A-n2c(G)-

IRES-mCherry

R. Neve (MGH) RN728

Virus HSV-flox-FLP-mCherry: HSV-hEF1α-LS1L-
mCherry-IRES-flpo

R. Neve (MGH) RN422

Virus HSV-flox-FLP: HSV-hEF1α-LS1L-flpo R. Neve (MGH) RN433

Virus AAV-flox-tdTomato-SypEGFP: AAV1-
phSyn1(S)-FLEX-tdTomato-T2A-SypEGFP

Addgene No. 51509-AAV1

Virus AAV-flip-hM4Di-mCherry: AAV8.2-hEF1α-
fDIO-hM4Di-mCherry-WPRE

R. Neve (MGH) RN10

Virus AAV-flip-GCaMP6s: AAV1-EF1α-
fDIO-GCaMP6s

Addgene No. 105714

Virus AAV-mCherry: AAV2-CMV-mCherry Vector Biolabs No. 7104

continued on next page
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Reagent/
Resource

Designation Source or reference Identifiers

Chemicals, peptides, and recombinant proteins

Reagent 10× PBS VWR Catalog no. 437117K

Reagent 1× PBS VWR Catalog no. 444057Y

Reagent Histofix 4% Roche Catalog no. P087.5

Reagent Normal donkey serum Millipore Catalog no. 30-100ML

Reagent 10% Bovine serum albumin Sigma Catalog no. SRE0036-250ML

Reagent DMEM, high glucose Thermo Fisher Scientific Catalog no. 41965062

Reagent Trypsin 0.05% Thermo Fisher Scientific Catalog no. 25300054

Reagent Fetal bovine serum (FBS) Thermo Fisher Scientific Catalog no. 10270106

Reagent 2,20-thiodiethanol (TDE) Sigma Catalog no. 166782-500G

Reagent ProLong Gold Antifade
Mounting Medium

Thermo Fisher Scientific Catalog no. P36934

Chemical
compound, drug

Sodium azide (NaN3) Sigma Catalog no. S2002-100G

Chemical
compound, drug

Triton X-100 Sigma Catalog no. S8875

Chemical
compound, drug

Clozapine N-oxide (CNO) Sigma C0832

Chemical
compound, drug

Sodium chloride (NaCl) Sigma Catalog no. S7653-250G

Chemical
compound, drug

Potassium chloride (KCl) Sigma Catalog no. P5405-25G

Chemical
compound, drug

Calcium chloride (CaCl2) Sigma Catalog no. C5670-100G

Chemical
compound, drug

Magnesium chloride (MgCl2) Sigma Catalog no. 4880

Chemical
compound, drug

D-Glucose (Dextrose) Sigma Catalog no. D9434-250G

Chemical
compound, drug

Sodium phosphate
monobasic (NaH2PO4)

Sigma Catalog no. S5011

Chemical
compound, drug

Sodium hydroxide (NaOH) Sigma Catalog no. 655104-500G

Chemical
compound, drug

Sodium bicarbonate (NaHCO3) Sigma Catalog no. S8875-1KG

Cell lines BHK cells Laboratory of Botond Roska/Laboratory of Karl-
Klaus Conzelmann

N/A

Cell lines B7GG cells Laboratory of Botond Roska/Laboratory of Karl-
Klaus Conzelmann

N/A

Cell lines BHK-EnvA cells Laboratory of Botond Roska/Laboratory of Karl-
Klaus Conzelmann

N/A

Cell lines HEK293T-TVA cells Laboratory of Botond Roska/Laboratory of Karl-
Klaus Conzelmann

N/A

Cell lines Neuro2a-G cells Laboratory of Andy Murray N/A

Cell lines Neuro2a-EnvA cells Laboratory of Andy Murray N/A

Software and algorithms

Software Fiji https://fiji.sc RRID: SCR_002285

Software MATLAB Mathworks RRID: SCR_001622

Software Zen lite Zeiss

Software ChAT band detector This paper https://github.com/farrowlab/
ChATbandsDetection

Software PYTHON 3.4 Python Software Foundation www.python.org

continued on next page
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Labeling of LGN- or PBG-projecting Gad2 cells
Cre-dependent HSV (200–400 nl) coding for different fluorescent
proteins was unilaterally injected to the LGN (HSV-flox-
GCaMP6s) and the PBG (HSV-flox-mCherry) of Gad2-Cre mice.
In vivo two-photon imaging of LGN- and PBG-projecting
Gad2 cells
We applied a double conditional strategy to independently target
the two populations. First, a Cre-dependent HSV expressing flip-
pase was unilaterally injected to either the LGN (300 nl of 3:2 mix
of HSV-flox-Flp and AAV-mCherry) or PBG (300 nl of HSV-flox-
Flp-mCherry) of 6-week-old Gad2-Cre mice. Two weeks later, 800
nl of Flp-dependent AAV expressing a fluorescent calcium sensor

(AAV-flip-GCaMP6s) was injected in five to six different locations
of the ipsilateral superior colliculus.
Chemogenetic inhibition of LGN- and PBG-projecting
Gad2 cells
We applied a similar double conditional strategy as for in vivo two-
photon imaging. HSV-flox-Flp (300 nl) was injected bilaterally to
either the LGN or PBG of 6-week-old Gad2-Cre mice. Two weeks
later, an Flp-dependent AAV expressing hM4Di (AAV-flip-hM4Di-
mCherry) was bilaterally injected into the superior colliculus (600 nl
in total per side, three to four locations per side).

Reagent/
Resource

Designation Source or reference Identifiers

Software CaImAn 1.7.1 Flatiron Institute https://github.com/flatironinstitute/
CaImAn (version 1.7.1. accessed 10

January 2020)

Software GNU Octave Free Software Foundation www.gnu.org/software/octave

Software Psychophysics Toolbox Psychtoolbox http://psychtoolbox.org

Software WaveSurfer (version: 0.918) Janelia Research Campus http://wavesurfer.janelia.org/

Software ScanImage Former: Vidrio Technologies, now: MBF
Bioscience

https://docs.scanimage.org/

Other

Other Rapid Flow Filters 0.2 μm pore size VWR Catalog no. 514-0027

Other Wiretrol II capillary micropipettes Drumond Scientific Catalog no. 5-000-2005

Other Borosilicate glass Sutter Instrument Catalog no. BF100-20-10

Other Glass cylinders, Ø 3 mm

Other Round borosilicate cover glasses, Ø 3
mm, 0.1-mm thickness

Multichannel Systems Catalog no. 640728

Other UV-curing optical adhesive Norland 61

Other Metabond dental cement Crown & Bridge

Other Super-Bond C&B kit for self-curing
adhesive resin cement

Sun Medical

Other Laser-based micropipette puller Sutter Instrument Catalog no. P-2000

Other Small animal stereotaxic workstation Narishige Catalog no. SR-5N

Other Stereotaxic micromanipulator Narishige Catalog no. SM-15R

Other Hydraulic oil micromanipulator Narishige Catalog no. MO-10

Other Oil microinjector Narishige Catalog no. IM-9B

Other Two-photon microscope Scientifica Serial no. 14200

Other 780 nm LED light source Thorlabs Catalog no. M780L3

Other Patch-clamp amplifier Molecular Device Axon Multiclamp 700B

Other Patch-clamp microscope Scientifica Slice Scope

Other Patch-clamp manipulator Scientifica Serial no. 301311

Other Zeiss LSM 710 confocal microscope Zeiss Catalog no. LSM710

Other 473 nm DPSS laser system Laserglow Technologies R471003GX

Other Rotatory joint splitter Thorlabs RJ2, 400–700 nm, 50:50 Split
Other FC/PC to Ø1.25 mm Ferrule Patch Cable Thorlabs M83L01 - Ø200 μm Core

Other FC/PC-FC/PC fiber patch cable Thorlabs M72L02

Other Fiber optic cannula—3.5 mm Doric LENSES B280-2304-3.5

Other Fiber optic cannula—5 mm Thorlabs CFMLC12L05
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Retrograde transsynaptic labeling of input neurons to LGN-
or PBG-projecting Gad2 cells and retinal physiology
First, an HSV expressing G-protein and TVA in a Cre-dependent
manner [HSV-flox-TVA-G-mCherry (SAD) or HSV-flox-TVA-G-
mCherry (CVS)] was unilaterally injected to either the LGN or
PBG of Gad2-Cre mice. Three weeks later, G-deleted rabies virus
coated with envelope-A [EnvA-RV(SAD)ΔG-GCaMP6s or EnvA-
RV(CVS)ΔG-GCaMP6f] was injected in the ipsilateral superior col-
liculus for cell tracing (600 nl total, 150 nl at four locations).
Optogenetic activation of input neurons to LGN- or PBG-
projecting Gad2 cells
A retrograde transsynaptic labeling strategy was used to bilaterally
express the light-gated ion channel channelrhodopsin-2 (ChR2) in
input neurons to LGN- and PBG-projecting Gad2 cells. Here, 300 nl
of HSV-flox-TVA-G-mCherry (CVS) was bilaterally injected to
either the LGN or PBG of Gad2-Cre mice. Three weeks later, 600
nl (150 nl at four locations) of rabies virus expressing ChR2
(EnvA-RV(CVS)ΔG-ChR2-YFP) was injected into each side of the
superior colliculus.

Stereotaxic surgery
General procedures
Animals were quickly anesthetized with isoflurane (Iso-vet 1000
mg/ml) and a mixture of ketamine and medetomidine [0.75 ml of
ketamine (100 mg/ml) + 1 ml of medetomidine (1 mg/ml) + 8.2 ml
of saline]. Mice were placed in a stereotaxic workstation (Narishige,
SR-5N). We used micropipettes (Wiretrol II capillary micropipettes,
Drumond Scientific, 5-000-2005) with an open tip of around 30 μm
and an oil-based hydraulic micromanipulator MO-10 (Narishige)
for virus injections. Dura tear (NOVARTIS, 288/28062-7) was
applied to protect the eyes. To label the injection sites, DiD
(Thermo, D7757) was used to coat the pipette tip. The injection co-
ordinates for the LGN in a 4-week-old mouse with a bregma-
lambda distance of 4.7 mm were as follows: AP: −2.06; ML:
±2.00; DV: 2.60 mm. The injection coordinates for PBG were as
follows: AP: −4.20; ML: ±1.95; DV: 3.50 mm. AP positions were ad-
justed based on the bregma-lambda distance of each animal. To
cover the whole superior colliculus, we injected virus at a depth of
1.7–1.8 mm at three to four different locations within a 1-mm2 field
anterior of lambda and starting at the midline. If no fiber or window
was implanted, after injection, the wound was closed using Vetbond
tissue adhesive (3M, 1469). After surgery, mice were allowed to
recover on top of a heating pad and were provided with soft food
and water containing antibiotics (emdotrim, ecuphar,
BE-V235523).
Optic fiber implantation
A fiber optic cannula was implanted in the targeted input areas the
same day as rabies virus injection in the superior colliculus. For
ACA, dual (200-μm-diameter, 3.5-mm-long) cannulas (Doric
LENSES) were stereotactically implanted (left hemisphere: AP:
+1; ML: +0.5; DV: 1.25; right hemisphere: AP: +1.9; ML: −0.5;
DV: 30° from the reference plane, 1.65 mm). For ZI, a 200-μm-di-
ameter, 5-mm-long cannula (Thorlabs) was stereotactically im-
planted (AP: −2; ML: ±1.4; DV: 4.3).
Cranial window implantation
A cranial window was implanted above the superior colliculus on
the same day as the AAV injection. A metal head post was fixated
on the skull, and a circular 4-mm craniotomy was performed above
the frontal two-thirds of the left superior colliculus (ML: 0.0 to 4.0

mm, AP: −0.7 to −4.7 mm). The brain above the colliculus was
removed and a cannular window of 3-mm diameter and 4-mm
height was implanted and fixated with dental cement (88).

Immunohistochemistry
Retina immunohistochemistry
Dissected retinas were fixed in 4% paraformaldehyde (PFA, Histo-
fix, ROTH, P087.5 mm) with 100 mM sucrose for 30 min at 4°C,
and washed overnight or longer at 4°C. After washing, retinas
were transferred to wells containing 10, 20, and 30% sucrose solu-
tion and allowed to sink for a minimum of 30 min, 1 hour at room
temperature, and overnight at 4°C, respectively. The next day,
freeze-cracking was performed: Retinas were frozen on a slide
fully covered with 30% sucrose for 5 min on dry ice. The slides
were then thawed at room temperature. The freeze-thaw cycle was
repeated three times. Retinas were washed 3 times for 10 min each in
1× phosphate-buffered saline (PBS), followed by incubation with
blocking buffer [10% Normal Donkey Serum (NDS), 1% bovine
serum albumin (BSA), 0.5% Triton X-100, and 0.02% NaN3 in 1×
PBS] for at least 1 hour at room temperature or overnight. Both
primary antibodies and secondary antibodies were diluted with
3% NDS, 1% BSA, 0.5% Triton X-100, and 0.02% NaN3 in 1×
PBS. Retinas were firstly incubated with primary antibody solution
for 5 to 7 days under constant gentle shaking at room temperature.
Then, retinas were washed three times, 15 min each, in 1× PBS with
0.5% Triton X-100 before being transferred into the secondary an-
tibody solution. Primary antibodies used were chicken anti-GFP
(Invitrogen, A-10262, 1:500), goat anti-ChAT (Chemicon,
Ab144P, 1:200), mouse SMI32 (BioLegend, 801701, 1:1000),
rabbit anti-CART (Phoenix, H-003-62, 1:500), and goat anti-
FOXP2 (abcam, 1307, 1:2000). Secondary antibodies were
Alexa488 donkey anti-chicken (Jackson ImmunoResearch, 703-
545-155, 1:500), Alexa 633 donkey anti-goat (Invitrogen, A-21082,
1:500), Cy3 donkey anti-mouse (Jackson ImmunoResearch, 715-
165-151, 1:400), and DyLight 405 donkey anti-rabbit (Jackson Im-
munoResearch, 715-475-150, 1:200). Retinas were covered with
mounting medium and a glass coverslip.
Brain immunohistochemistry
Extracted brains (after perfusion or without perfusion) were post-
fixed in 4% PFA overnight at 4°C. Vibratome coronal or sagittal sec-
tions (200 μm) were collected in 1× PBS and were incubated in
blocking buffer (1× PBS, 0.3% Triton X-100, and 10% Donkey
serum) at room temperature for at least 1 hour or overnight. Then
brain slices were incubated with primary antibodies solution for 2 to
3 days at 4°C with shaking. Slices were later washed three times for
10 min each in 1× PBS with 0.3% Triton X-100 and incubated in
secondary antibody solution for at 4°C. Primary antibodies used
were chicken anti-GFP (1:1000) and rabbit anti-mCherry
(1:1500); secondary antibodies used were Alexa488 donkey anti-
chicken (1:800) and 555 goat anti-rabbit (1:1000). Nuclei were
stained with DAPI (40,6-diamidino-2-phenylindole) (1:1000) or
Nissl (NeuronTrace 435/455, Thermo, N21479, 1:150) together
with the secondary antibody solution. Sections were then again
washed three times for 10 min in 1× PBS with 0.3% Triton X-100
and one time in 1× PBS, covered with mounting medium and a glass
coverslip. PBS was prepared with 0.02% NaN3.

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Li et al., Sci. Adv. 9, eade3874 (2023) 30 August 2023 17 of 24

D
ow

nloaded from
 https://w

w
w

.science.org at T
rieste SISSA

 on A
ugust 30, 2023



Confocal microscopy
Confocal microscopy was performed on a Zeiss LSM 710 micro-
scope. Overview images of the retina and brain were obtained
with a 10× [plan-APOCHROMAT 0.45 NA (numerical aperture),
Zeiss] objective. The following settings were used for imaging the
whole-mount retina: zoom 0.7, 4 × 4 tiles with 0% to 15%
overlap, 2.37 μm/pixel resolution. For single retinal ganglion cell
scanning, we used a 63× (plan-APOCHROMAT 1.4 NA, Zeiss) ob-
jective. The following settings were used: zoom 0.7, 2 × 2 tiles or
more (depending on size and number of cells) with 0% to 15%
overlap. This resulted in an XY-resolution of 0.38 μm/pixel and a
Z-resolution between 0.25 and 0.35 μm/pixel. The z-stacks
covered approximately 50 μm in depth. The whole-brain images
were acquired with the 10× objective with zoom 0.7, multiple tiles
with 5% to 15% overlap, and a z-stack of 20 μm. To determine the
axon bouton density in the visual TH and PBG, high-resolution z-
stacks (0.24 × 0.24 μm2/pixel with 10 z-steps of 5 μm) of the cytosol
and synaptophysin labeling were obtained with a 10× (plan-APO-
CHROMAT 0.45 NA, Zeiss) objective. The maximum projection of
the z-stack was used for further analysis.

Ex vivo retinal recording
Retina preparation
Mice were dark-adapted for a minimum of 30 min. After cervical
dislocation, eyes were gently touched with a soldering iron
(Weller, BP650) to label the nasal part of the cornea and then enu-
cleated. Retina isolation was done under deep red illumination in
Ringer’s medium (110 mM NaCl, 2.5 mM KCl, 1 mM CaCl2, 1.6
mM MgCl2, 10 mM D-glucose, and 22 mM NaHCO3, bubbled
with 5% CO2/95% O2, pH 7.4). The retinas were then mounted gan-
glion cell side up on filter paper (Millipore, HAWP01300) that had a
3.5-mm-wide rectangular aperture in the center, and superfused
with Ringer’s medium at 32° to 36°C in the microscope chamber
for the duration of the experiment.
Retina recording
Fluorescent cells expressing GCaMP6s were targeted for recording
using a two-photon microscope (Scientifica) equipped with a Mai
Tai HP two-photon laser (Spectra Physics) at 920 nm wavelength.
To facilitate targeting, two-photon fluorescent images were overlaid
with the IR image acquired through a charge-coupled device
camera. Infrared light was produced using the light from a light-
emitting diode (LED). For some cells, z-stacks were acquired
using ScanImage (Vidrio Technologies). Imaging frames were of
230 × 57 μm2, sampled at 6.8 Hz (bidirectional scanning) and 512
× 128 pixel resolution. A selection of labeled retinal ganglion cells
were recorded with two-photon imaging and patch clamp following
the same procedure as in Reinhard et al. (21).
Presentation of visual stimuli
Stimuli were generated with an LCD projector (Samsung, SP F10M)
at a refresh rate of 60 Hz, controlled with custom software written in
Octave based on Psychtoolbox. The projector produced a light spec-
trum that ranged from ~430 to ~670 nm. The power produced by
the projector was 300 lux (at full brightness blue screen and with
short pass filter) at the retina. A combination of a neutral density
filter and a short pass filter (cutoff wavelength = 475 nm) was
used to control the stimulus intensity in logarithmic steps. Record-
ings were performed with filters decreasing the stimulus intensity
by 1–2 log units. The following visual stimuli were used for
retinal recordings:

Full-field (600 × 800 μm): The “chirp” stimuli started with slow
transitions of black-white-black-gray, followed by two sinusoidal
intensity modulations: a temporal modulation between black and
white starting at 0.5 Hz and increasing to 8 Hz over a time of 8 s
and a contrast modulation from 0 to 100% over a time period of 8
s at 2 Hz. The stimulus was repeated five times (89).

Expansion: A black disk linearly expanded from 2° to 50° with a
speed of 150°/s at the center of a gray screen. The stimulus was re-
peated four times.

Dimming: A disk of 50° diameter linearly dimmed from back-
ground gray to black with a speed of 150°/s. The stimulus was re-
peated four times.

Moving bar: A white bar (0.3 × 1 mm) moved with a speed of 1
mm/s across the screen in eight directions (0°, 45°, 90°, 135°, 180°,
225°, 270°, and 315°). Each direction was repeated four times. The
directions were randomized.

Looming: A black disk non-linearly expanded from 2° to 50° di-
ameter with different speeds (8.3°/s, 83°/s, 166°/s, and 332°/s) at the
center of a gray screen. Each condition was repeated four times.

In vivo two-photon imaging of the superior colliculus
The populations of LGN- and PBG-projecting Gad2 cells were in-
dependently labeled with a fluorescent calcium indicator by virus
injections (see the “Virus strategy” section). Visual responses were
recorded by two-photon calcium imaging through a cranial window
in head-fixed, awake mice. Four mice were recorded for each pro-
jection target.
In vivo imaging sessions
A commercial two-photon galvo-resonance scanning microscope
with a rotating arm (Thorlabs Multiphoton Microscope, B-Scope)
was used to image the calcium signals of Gad2 neurons in the super-
ficial layers of the superior colliculus. Neurons were imaged simul-
taneously at four equidistant planes separated by 30 to 50 μm,
starting at 0 to 100 μm from the surface of the colliculus, reaching
down to a maximum of 300 μm. A piezo-electric linear actuator (P-
665, Physik Instrumente) moved the objective (Nikon 16x, 0.8 NA)
in depth. Imaging frames were of 500 μm by 500 μm, sampled at 7.5
Hz (bidirectional scanning) and 512 × 512 pixels resolution.
GCaMP6s was excited with a laser at 920-nm wavelength (Mai Tai
DeepSee, Spectra Physics). A Pockel’s cell was used to shut down the
laser during flyback and to adjust its power by imaging depth to
nominal powers of 30 to 90 mW at the end of the objective.

The head-fixed animals were free to run on a custom 3D-printed
air-cushioned spherical treadmill (polystyrene white ball Ø 20 cm).
We recorded the movement of the ball using two motion sensors
(Tindie, PMW3360) with an analog readout of the pitch of the
ball in direction of the animal’s head. Eye movements of the mice
were estimated by recording the left eye (ipsilateral to SC) with a
lateral camera (Allied vision, mako G-030B + Lens: NAVITAR,
HR F1.4/25MM) positioned at 25-cm distance.

The microscope was controlled, and the imaging frames were ac-
quired using ScanImage 5.4. Running speed and trigger signals of
stimulus beginning and end, two-photon imaging frames, and
camera frames were recorded in WaveSurfer 0.97, yoked to
ScanImage.

Before the first recording session, mice were habituated to
human handling for 3 days. Then, they were head-fixed on the
air-cushioned spherical treadmill for 5 min on the first day, with
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increasing durations of 10 min, 30 min, and 1 hour in consecutive
days. Animals usually adapted easily to running on the treadmill.
Presentation of visual stimuli
Stimuli were presented in grayscale on a curved LCD monitor
(Samsung S32E590C, 729 × 425 mm2, 2.9 cd/cm2 mean luminance,
60 Hz refresh rate), controlled by custom software written in Octave
using the Psychtoolbox. The monitor was at 30 cm distance and
covered a visual field of 100° azimuth and 70° altitude on the
right side of the mouse (contralateral to SC). The irradiance at
the position of the mouse ranged from 0.15 to 30 lux (black to
white screen); gray values were gamma corrected to yield a linearly
perceived change in brightness.

The following visual stimuli were shown to the animal (white,
gray, and black correspond to 100, 0, and −100% Weber contrast).
A transistor-to-transistor logic (TTL) pulse was sent at the begin-
ning and the end of each repeat for later alignment.

Expansion: A black or white disk linearly expanded from 2° to
50° within 0.95 s at the center of a gray or black screen, respectively.
The stimulus was repeated 10 times, interleaved by 3 s of
gray screen.

Shrinkage: A black disk linearly shrunk from 50° to 2° diameter
within 0.95 s at the center of a gray screen. The stimulus was repeat-
ed 10 times, interleaved by 3 s of gray screen.

Dimming: A disk of 50° diameter linearly dimmed from back-
ground gray to black within 0.95 s at the center of the screen. The
stimulus was repeated 10 times, interleaved by 3 s of gray screen.

Moving bar: A black bar of 8° width and extended till the edge of
the screen moved perpendicular to its orientation in eight directions
(0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°) with a speed of 40°/s
across the screen. Each direction was repeated four times. The direc-
tions were randomized and interleaved by 3 s of gray screen.

Looming: A black disk expanded from 2° to 50° diameter at the
center of a gray screen as if an object was approaching with linear
speed with different size-to-speed ratios (10, 20, 40, and 80 ms).
Each condition was repeated four times in random order and inter-
leaved by 3 s of gray screen.

Moving spots: A black or white disk of different diameters (2°, 8°,
and 32°) moved with 30°/s and 160°/s in two directions (left to right
and right to left) across the center of a gray or black screen, respec-
tively. Each combination of direction, size, and speed was repeated
three times in random order and interleaved by 3 s of gray screen.

Band-pass noise: A patch of 50° was shown for 2 s on gray back-
ground with band-pass–filtered spatiotemporal white-noise pat-
terns of different temporal (0.5, 1, 2, 4, and 8 Hz) and spatial
cutoff frequencies (0.02, 0.04, 0.08, 0.16, and 0.32 cycles/°). Each
pattern was randomly generated, and each condition was repeated
four times in random order, interleaved by 3 s of gray screen.

Behavioral tests
All chemogenetic behavioral experiments were performed in a
custom-made wooden box (W: 80 cm by L: 34 cm by H: 50 cm)
with the display monitor positioned above the arena to show the
visual stimuli. The light level, without extra light and with the
monitor on, was 300 lux. Behavior was recorded at 30 fps using a
camera positioned below the center of the arena. On the test day,
intraperitoneal administration of clozapine metabolite clozapine-
N-oxide (CNO, 2 mg/kg) or saline was used to activate hM4Di 30
min before the behavioral experiment. Mice were then allowed to
explore the arena for at least 5 min. Looming and sweeping

stimuli were randomly shown. The number of trials depends on
the mice’s habituation time (when the mice stop to react to the
visual stimuli). The chemogenetic experiment lasted no longer
than 90 min.

Optogenetic manipulation
All experiments were performed in the same arena but with a width
of 20 cm. A neutral density filter was applied to achieve a dim
ambient light level of 0.3 lux to avoid the quick habituation to the
looming stimulus. We used a 473-nm DPSS laser system (Laserglow
Technologies, R471003GX) connected to a patchcord (Thorlabs,
M72L02) with a rotatory joint splitter (Thorlabs, RJ2, 50:50 Split).
Optogenetic stimulation was controlled with custom software
written in MATLAB. The output laser power of each patch cable
was measured at the tip of the fiber during stimuli of 20 Hz or 50
Hz (2 ms pulse width) and set at 2.0–2.5 mW. Both 20-Hz and 50-
Hz conditions were used for each mouse, resulting in similar behav-
ioral outputs. Optic fibers were implanted above the targeted areas.
For ACA, we used the optic fiber with 3.5 mm length, 200 μm di-
ameter, and NA = 0.37 (Doric Lenses, B280-2304-3.5); for ZI, we
used the optic fiber with 5 mm length, 200 μm diameter, and NA
= 0.39 (Thorlabs, CFMLC12L05). One day before the optogenetic
test, mice were habituated to the patchcord. On the test day, mice
were allowed to explore the arena for at least 5 min. Optogenetic
stimulation was triggered when the mice moved away from the
shelter and lasted for 20 s. The looming stimulus was triggered
when the mice moved toward the danger zone. Both were done
manually. Light stimulation was initiated at least 1 s before the
visual stimulus and did not necessarily cover the full visual stimu-
lation time.

Analysis of Gad2 projections
Quantification of the axon bouton density of Gad2 cells in the LP,
LGd, LGv, and PBG was performed in two steps. First, the respective
regions were marked and overlaid in the confocal images of the
visual TH and PBG using ImageJ. As a reference, control regions
(PO, PoT, and VPM) were marked in the same image where no la-
beling was expected. Second, the two-color channels for cytosol and
axon bouton labeling were multiplied and median-filtered with a
width of 3 pixels such that axon boutons were clearly visible circular
patches. The labeled area was then determined as the percent area
occupied by these patches with respect to the total area of each
region. Peak densities were determined within manually picked
regions of 50 × 50 μm2 with highest bouton density. Statistically sig-
nificant differences to the control regions were determined using a
Kruskal-Wallis test.

Analysis of Gad2 cell labeling
Quantification of the overlapping percentage between neurons
labeled from the HSV injection in LGN and PBG is based on 26
brain sections from four mice (Fig. 2D and table S1). One-way anal-
ysis of variance (ANOVA) was performed to compare the means of
each group’s percentage. The P values were further adjusted using a
conservative Bonferroni correction method (90). The co-labeled
cells have a significantly lower percentage of labeled cells than
either LGN- or PBG-projecting Gad2 cells (P < 0.001). Quantifica-
tion of the overlapping percentage between neurons labeled from
the HSV injection in one area (control group) is based on 16
brain sections from three mice (fig. S1D and table S1). One-way
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ANOVA and multiple comparisons were performed to compare the
means of each group’s percentage. The P values were further adjust-
ed using the conservative Bonferroni correction method. Coordi-
nates of labeled cells were extracted by registering a sequence of
brain slices containing the superior colliculus (LGN group: 49 sec-
tions from seven mice; PBG group: 28 sections from four mice) to
the Allen Brain Atlas (45).

Analysis of behavioral data
The animal’s position was tracked using DeepLabCut software (62).
Tracking data (e.g., nose, head, body, paw, and tail) were further
thresholded and analyzed using custom-made MATLAB scripts.
Frames with probability lower than 0.95 were filtered out and line-
arly interpolated. Position data were smoothed with a median filter
of window size 5. Here, we used the middle of the body position to
calculate the speed and track the movement. The behavioral re-
sponses were classified into one of the categories: escape, freeze,
pauses, rearing, and no response based on their speed. For a
better visualization of the balance of escape versus freeze behavior,
we combined pauses, rearing, and no response together in the cat-
egory of “others.” An escape response is defined as periods of time
during which the mouse speed was higher than 40 cm/s and the
animal was directed to the refuge after the onset of this movement.
A freeze response is a response with a very low baseline (<2 cm/s) or
no movements for at least 2 s. All the behavioral classification in this
study was automatically scored and confirmed by manual scoring.

Analysis of brain-wide input data
The divisions of brain regions and areas were based on the Allen
Brain Atlas with some modifications as described previously (10).
In detail, the whole brain was divided into eight parental regions
including CTX (consisting of the isocortex and olfactory areas), cor-
tical subplate (sCTX, consisting of the sCTX and cerebral nuclei),
hippocampal formation, TH, HYP, MB, HB, and the 259 subareas
thereof. Data S1 shows a full list of all areas. The rabies-labeled input
neurons (expressing GCaMP6 only) were manually labeled
throughout the z-stack using the multi-point tool of ImageJ. Each
section with the indicated input neurons was then matched to the
standard Allen Mouse Brain Atlas using Allen CCF SHARP-Track
toolbox (https://github.com/cortex-lab/allenCCF) (45). All detect-
ed GCaMP6-expressing cells in SCs were excluded from all statisti-
cal analysis, to ensure no starter cells (co-expressing GCaMP6 and
TVA-mCherry) were counted as input cells. The raw data output
containing the coordinates of each labeled neuron is available in
data S2. Areas with less than two counted cells were excluded in
the analysis. Cell density was calculated as total cell number per
area volume. Areas with less than six cells/mm3 [e.g., one cell in tri-
angular nucleus of septum (area volume = 0.17 mm3)] and less than
0.2% of the total inputs were considered below background thresh-
old and set to zero.

The bias index per brain area as calculated from the counted
number of neurons N and brain area volume V is as follows.

Cell density ρbrain area¼mean½ðNbrain area=Vbrain areaÞ=ðNSCsþi=VSCsþiÞ�all brains

Cell percentage Pbrain area¼mean½Nbrain area=ðNtotal � NSCsþiÞ�all brains

Bias indexbrain area¼ log2½Pbrain areaðGad2 � PBGÞ=Pbrain areaðGad2 � LGNÞ�

The normalization was performed relative to the total number of
input neurons in the whole brain/a certain parental region.
Threshold for biased input areas
To determine a threshold for significantly biased brain areas, for
each brain, we randomly distributed the corresponding number
of counted neurons (without SCs/i; Gad2-LGN: 38,300, 27,313,
and 14,188 neurons, Gad2-PBG: 8948, 35,129, and 28,472
neurons) across all 69 labeled brain areas weighted by volume.
We then calculated the bias index of each brain area for the shuffled
brains in the same way as for the real brains. We calculated the 95%
confidence interval of each brain area from 10,000 shuffles and cal-
culated the mean confidence interval across brain areas, resulting in
CIbias index = [−0.3, 0.3].

Analysis of ex vivo calcium imaging data
Two-photon imaging frames were registered, and regions of interest
(ROIs) were determined using Suite2p (91) in Python 3.8. The time
scale of the GCaMP6f used for deconvolution kernel is 0.7 s. The
sampling rate per plane is 6.91 Hz. Thresholding scaling was set
at 1 to extract ROIs. Resulting ROIs were manually curated by over-
laying the ROIs with a maximum projection of the registered
imaging frames, excluding the “non-cells.” The resulting decon-
volved traces of these selected ROIs were used for further analysis
(Fig. 3J). Normalization was based on the maximum response cross-
ing trials. For some of the simultaneously recorded retina ganglion
cells, we also extracted the denoised traces of ΔF/F values for com-
paring with the patch-clamp spikes (fig. S3). Analysis of patch-
clamp recordings used the same procedure as in Reinhard et al.
(21). The repeats of visual stimuli and retinal responses were
aligned using recorded stimulus start and frame triggers.
Direction and orientation selectivity
The direction and orientation selectivity of retinal ganglion cells
were analyzed by calculating the direction selectivity index (DSI),
orientation selectivity index (OSI), preferred directions, and pre-
ferred orientations from mean peak responses rθ to each direction
θ of the moving bar stimulus

DSI ¼
jΣθrθeiθ j

Σθrθ
; preferred direction ¼ angle ðΣθrθeiθÞ

OSI ¼
jΣθrθe2iθ j

Σθrθ
; preferred orientation ¼ angleðΣθrθe2iθÞ=2

Neurons were considered direction or orientation selective when
their DSI or OSI was larger than 0.2.
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Analysis of retinal ganglion cell morphology
Extraction of dendritic parameters
The dendritic morphology of GFP-stained retinal ganglion cells was
determined following the same procedure as in Reinhard et al. (21).
Briefly, confocal z-stacks of individual ganglion cells of anti-ChAT–
and anti-GFP–stained retinas were denoised, down-sampled, and
binarized to extract the position of the On- and Off-ChAT bands
using a custom deep learning framework and the position of the
dendritic tree (anti-GFP). Z-stacks were warped to straighten the
ChAT bands and a dendritic depth profile was determined from
the number of bright pixels of the binarized GFP signal in the Z-
direction. Dendritic tree diameters were calculated from the area
of the convex hull of the dendritic tree in the X-Y plane as D =
2*(area/π)1/2.
Classification by dendritic morphology
The density of dendrites was plotted along the Z-axis. Each cell was
classified as below, between, or above ChAT bands based on den-
dritic stratification depth. The bistratified cells were with dendritic
density peaks aligned with the ChAT bands.

Quantification of SMI32+, CART+, and FOXP2+ retinal
ganglion cells
Confocal image stacks of the anti-CART, SMI32, or anti-FOX2 and
anti-GFP–stained retinas were opened in Fiji and the number of
double-positive cells (CART/GFP, SMI32/GFP, or FOXP2/GFP)
was counted by overlaying the two-color channels. Cells were
marked using the point tool and counted manually using the cell
counter plugin.

Analysis of in vivo calcium imaging data
Two-photon image registration and ROI extraction
Two-photon imaging frames were registered, and ROIs were deter-
mined using NNMF with CamAn 1.7.1 (Flatiron Institute) in
Python 3.4. The signal decay time of the model was adjusted to
GCaMP6s (1.4 s). Resulting ROIs were manually curated by overlay-
ing the ROIs with a maximum projection of the registered imaging
frames, selecting exclusively neural cell bodies. The resulting
denoised traces of ΔF/F values of these selected ROIs were used
for further analysis.
Peak responses and quality index
The repeats of visual stimuli and neural responses were aligned by
using the simultaneously recorded stimulus start and imaging frame
triggers. For each presented stimulus, a quality index and peak re-
sponse of each ROI were calculated. The quality index was calculat-
ed from the variance of the brightness values C across time, var(·)t,
and the mean across stimulus repeats, 〈·〉r, as follows:

QI ¼
varðhCirÞt
hvarðCÞtir

A neuron was considered visually responsive if the quality index
for at least one of the stimuli was above 0.6. This includes 1496 of the
1883 recorded LGN-projecting and 199 of the 326 PBG-projecting
Gad2 neurons.

Peak responses were calculated from the median stimulus re-
sponse by taking the difference between the mean of the first 0.5 s
before stimulus onset and the maximum during stimulus presenta-
tion. For each ROI, the median visual peak response across all
stimuli was determined to estimate general visual response strength.

As Gad2-PBG neuron responses were generally much lower in
amplitude than Gad2-LGN responses, we displayed boxplots of
the normalized peak responses to each stimulus derived from divid-
ing each peak response by the population median. We showed dis-
tributions of each population of visually responsive neurons by
using boxplots. Whiskers extending to outliers until 1.5 of the in-
terquartile range have been omitted for clarity in the main figure
and can be reviewed in fig. S2B.
Direction and orientation selectivity
The direction and orientation selectivity of LGN- and PBG-project-
ing Gad2 neurons were analyzed by calculating the DSI, OSI, pre-
ferred directions, and preferred orientations from mean peak
responses rθ to each direction θ of the moving bar stimulus

DSI ¼
jΣθrθeiθ j

Σθrθ
; preferred direction ¼ angle ðΣθrθeiθÞ

OSI ¼
jΣθrθe2iθ j

Σθrθ
; preferred orientation ¼ angleðΣθrθe2iθÞ=2

Neurons were considered direction or orientation selective when
their DSI or OSI was significantly larger (99% CI) than the index
calculated from 10,000 shuffles, respectively.
Preferred spatiotemporal frequencies
Preferred spatiotemporal frequencies were determined from fitting
a 2D Gaussian to the peak responses to the 5 × 5 combinations of
the spatial and temporal frequencies of the band-pass noise stimu-
lus (see above). The preferred frequency was then derived from the
peak location of that fit. Because spatial and temporal frequencies
increase by the power of two, this location has been determined in
logarithmic coordinates.
Responses to running
The extent by which the responses of SC neurons are affected by
running was estimated in two ways. First, we looked at how
neurons responded to the onset of running. For this, time points
of running onset were determined by threshold crossing throughout
the entire recording session. We considered a running onset event
when the animal ran faster than 3.5 cm/s while remaining still
(speed <3.5 cm/s) for at least 5 s before the event.

Median running traces of each experiment and median cell re-
sponse traces were calculated from 5 s before till 10 s after running
onset. Normalized baseline-subtracted cell response traces were cal-
culated by subtracting the mean response during the 5 s still period
and dividing by the SD of that period.

Normalized baseline � subtracted response

¼ ðresponse � mean½response�stillÞ=SD½response�still

The normalized baseline-subtracted responses were then
grouped by their mean during running into up (>1 SD), down
(<−1 SD), and non-modulated (between −1 and 1 SD).

We calculated the absolute responses to running by subtracting
the neural activity during the still phase (fig. S6)

Response to running ¼ median½response�running

� median½response�still

Visual responses and responses to running were then plotted to-
gether. For each group, we plotted the distributions of their absolute
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response to running and tested significant differences between
LGN- and PBG-projecting cells using a two-sample Kolmogorov-
Smirnov test.

Second, we correlated the calcium responses of each neuron with
the running speed of the entire recording session. The mean of the
resulting Pearson correlation coefficients of LGN- and PBG-pro-
jecting Gad2 neurons was compared using a two-sided permutation
t test. To test whether the distributions of correlations with running
were significantly from chance level, correlation coefficients of each
neuron were obtained from 10,000 random shifts of the running
trace and a two-sample Kolmogorov-Smirnov test performed on
the two distributions.

One- and two-dimensional distributions of median visual peak
responses and median responses to running were estimated using
the KDE() function of the matplotlib library in python with a
Gaussian kernel of optimal width estimated by Scott’s rule.

Statistical analysis
Statistical analyses are incorporated into each corresponding exper-
imental section. The number of samples is indicated in figures,
figure legends, and corresponding Results sections.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
Table S1
Legends for movies S1 and S2
Legends for data S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Movies S1 and S2
Data S1 and S2
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