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Abstract

Innate responses to relevant stimuli are critical to animal survival; however, the complex
circuitry underlying these behaviors is not well-defined. The superior colliculus of the
mammalian midbrain plays a key role in mediating visually guided behaviors by
integrating sensory input to induce eye, head and body movements towards or away
from appetitive or threatening stimuli. The genetically-identified cell-types in the
superior colliculus of the mouse have been shown to play a role in specific defensive
behaviors, such as freezing behavior induced by activation of collicular cells expressing
PV or CAMKII. Recently, activation of NTSR neurons in the colliculus was shown to
induce stopping behavior. Whole brain functional recording during optogenetic
stimulation of NTSR collicular neurons revealed the posterior paralaminar nuclei of the
thalamus (PPnT) as a potential player in collicular-driven behaviors. Here we examine
the contribution of the PPnT to NTSR collicular-driven stopping behavior. We show that
chemogenetic inhibition of the PPnT facilitates habituation to stimulation of NTSR
collicular neurons, resulting in attenuation of stopping behavior. We also provide
suggestive evidence for inputs to the PPnT in mice using retrograde viral tracing. Our
results suggest that the PPnT prevents behavioral adaptation to repeated presentation of
a stimulus, uncovering a novel role for the PPnT in collicular-driven innate behaviors.
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1 Introduction

Innate behaviors in response to relevant stimuli are critical for animal survival. Animals
hunt prey, escape from predators, explore novel environments, and orient to stimuli
based on complex, multisensorial inputs. Many of these instinctive reactions rely in large
part on visual stimuli. Visual input alone has been shown to elicit a selection of innate
behavioral strategies such as escape behavior in response to a “looming” stimulus or
freezing in response to a “sweeping” stimulus in mice (Yilmaz and Meister, 2013; De
Franceschi et al., 2016). These types of behaviors are observed across rodent species
(Wallace et al., 2013; Campeau and Davis, 1995; Sewards and Sewards, 2002), and
visual threats are also known to elicit analogous neural responses in humans and non-
human primates (Almeida et al., 2015; Soares et al., 2017; Soares et al., 2017a;
Vagnoni et al., 2015; Vagnoni et al., 2012). Research has linked aberrations in the visual
threat response system to human disease and disorders such as PTSD, autism and
schizophrenia (Olivé et al., 2018; Terpou et al., 2019; Elsabbagh et al., 2009; Vlamings
et al., 2010; Thakkar et al., 2015; Thakkar and Rolfs, 2019), highlighting the
translational importance of the underlying circuity. Due to the conserved nature of
collicular function, studying the circuitry responsible for regulating visually guided innate
behaviors can give us relevant and valuable insights into human brain function and
dysfunction.

The superior colliculus, an ancient structure in the mammalian midbrain, plays a vital
role in linking such sensory input with activation of motor output. Its contribution to
triggering approach and avoidance behavior in rodents has been established for many
years (Sahibzada et al., 1986; Dean et al., 1988; Dean et al., 1989; Sparks et al., 1990;
Wei et al., 2015; Liang et al., 2015; Basso and May, 2017), and recent evidence shows
that cell-type-specific projections from the colliculus are involved in distinct behaviors
(Shang et al., 2015; Shang et al., 2018; Hoy et al., 2019; Wei et al., 2015). The
identification of these projections and their link to behavior makes the superior colliculus
an ideal candidate for studies of the brain-wide consequences of sensory activation.

While great progress has been made in uncovering collicular projections capable of
triggering visually guided behaviors, the interactions of the distinct downstream
networks and their specific contributions to behavior remain ill-defined. Studies of these
circuits in humans have been performed with fMRI (Olivé et al., 2018; Terpou et al.,
2019; Meyer et al., 2019; Wang et al., 2020), but the limited spatiotemporal resolution
of fMRI makes it difficult to measure activity in smaller brain regions and nuclei; causal
relationships are also difficult to assess, as circuits cannot be manipulated directly.
Rodent models provide an opportunity to overcome this limitation, as the rodent brain is
relatively accessible for in vivo neuronal manipulations, and high-resolution imaging
techniques are becoming widely available (Ito and Feldheim, 2018). Previous work in
rodents is largely limited to studying well-established mono-synaptic projections, which
can be misleading, as we miss the activity of the brain as a whole. Many collicular
outputs appear to have the same or a similar role, raising the question of whether they
follow independent pathways or converge. Thus, dissecting the multi-synaptic targets of
the superior colliculus in a functional context could lead to a better understanding of the
coordinated activity of various downstream nodes and their contributions to collicular
driven behaviors. Directly manipulating collicular pathways in a mouse model is essential
in a translational context, for dissecting these circuits will bring us closer to
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understanding related human disease mechanisms and providing novel targets for
therapy.

1.1 The superior colliculus: organization

As a major target of retinal outputs, the superior colliculus is uniquely positioned to
integrate visual information with other sensory input (Ito and Feldheim, 2018). Its
complex laminar structure contains superficial layers, which receive visual inputs with a
retinotopic organization. The upper visual field is mapped onto the medial superior
colliculus, while the lower visual field is represented by the lateral portion (Drager and
Hubel, 1975; Drager and Hubel, 1976; Watson, 2012). Ecologically speaking, it stands to
reason that in rodents detection of overhead predators activates the medial superior
colliculus, triggering defensive behavior, while detection of prey can activate the lateral
portion and trigger appetitive behavior (Comoli et al., 2012; Yilmaz and Meister, 2013).
This medial-lateral collicular organization is conserved in non-human primates and
humans (DuBois and Cohen, 2000; Schneider and Kastner, 2005; Katyal et al., 2010;
Cynader and Berman, 1972). Projections from the superficial superior colliculus target a
large number of areas throughout the brain (Figure 1). The deeper layers of the
colliculus receive multimodal (somatosensory, auditory, and visual) sensory input
(Watson, 2012; May, 2006). Sensory information from the colliculus is routed to
numerous downstream nuclei and cortical regions, which induce motor output
(Kamishina et al., 2008; Wei et al., 2015; Zhou et al., 2018; Mitchell et al., 1988; Evans
et al., 2018).

Superior Colliculus
superficial layers

FIGURE 1 | Projections from the superficial layers of the superior colliculus.
Sagittal schematic diagram of the complex mono- (light blue areas) and multi-synaptic (gray, la-
beled areas) projections of the superficial layers of the superior colliculus throughout the rodent
brain. Mono-synaptic outputs: SCm superior colliculus motor-related, LP lateral posterior nucleus
of thalamus, LGNd lateral geniculate nucleus dorsal part, LGNv lateral geniculate nucleus ventral
part, PRT pretectal region, CUN cuneiform nucleus, PBG parabigeminal nucleus, PG pontine gray.
Multi-synaptic outputs: HIPP hippocampus, RSP retrosplenial area, , PAG periaqueductal gray, SN
substantia nigra, ZI zona incerta, PRN pontine reticular nucleus, AMg amygdala, striatum.
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1.2 Cell-types of the superior colliculus and their projections

Recent studies have characterized distinct genetically-identified cell types in the
superficial layers of the colliculus, which have specific projection patterns and respond to
specific visual stimuli (Figure 2). The four widely-recognized cell-types are termed wide-
field, narrow-field, horizontal, and stellate cells based on their dendritic morphology
(Gale and Murphy, 2014). Transgenic mouse lines have been identified in which Cre
recombinase is expressed in each cell-type based on genetic identity. Wide-field neurons
are positive for NTSR (neurotensin receptor) and are therefore labeled with Cre in the
NTSR-GN-209-Cre mouse line. They respond to small stimuli moving within a large field,
and project solely to the lateral posterior nucleus of the thalamus (LP; Gale and Murphy,
2014; Wei et al., 2015; Gerfen et al., 2013). Narrow-field cells, labeled in the Grp-
KH288-Cre mouse line, project to the deep layers of the superior colliculus and to the
parabigeminal nucleus (PBG). They respond to slow-moving stimuli and have small
receptive fields. Horizontal cells, labeled in the GAD2-Cre line, are inhibitory projection
neurons that respond to large, stationary or rapidly-moving stimuli, and target the
lateral geniculate nucleus of the thalamus (LGN) and PBG (Gale and Murphy, 2014).
Stellate cells, labeled in the Rorb-Cre mouse line, albeit non-specifically (Gale and
Murphy, 2018), have small receptive fields and respond to small stimuli. They project to
the LGN and PBG as well. In addition to these four cell-types, a population of
parvalbumin-positive (PV+) cells displays heterogeneous morphological and
electrophysiological properties suggestive of a mixed population of narrow-field, stellate,
and horizontal cells (Shang et al., 2015; Villalobos et al., 2018). Projections of excitatory
PV+ (parvalbumin) neurons target the LP, PBG, and the pontine gray (PG; Shang et al.,
2015; Shang et al., 2018).

Stellate
(3{e]10)]

Parvalbumin

B

:
® O

FIGURE 2 | Cell-types of the superficial layers of the superior colliculus, their
genetic labels and projections. Simplified scheme of the major projections of collicular cell-
types. LP lateral posterior nucleus, dSC deep layers of superior colliculus, PBG parabigeminal nu-
cleus, LGN lateral geniculate nucleus.

Wide-Field Narrow-Field

(Ntsr1-GN209) Jll (Grp-KH288) (PV)

1.3 Cell-type specific behavior

Isolation of these anatomical projections has allowed for characterization of their role in
mediating innate behaviors. For example, optogenetic activation of the LP pathway elicits
freezing behavior, and activation of the PBG projection induces escape behavior (Wei et
al., 2015; Shang et al., 2018). Corresponding flight and arrest behaviors have been
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observed upon presentation of looming (representing an approaching predator) and
sweeping (representing a passing predator) visual stimuli respectively (Yilmaz and
Meister, 2013; De Franceschi et al., 2016). Thus, optogenetic activation of these
pathways can act as a reliable proxy for visual stimuli simulating predators. Despite
progress in associating defensive behaviors with these specific projections, the
particulars of the circuits governing cell-type specific behaviors are not well-defined.

In recent work, Sans-Dublanc et al. (2020) explored the distinct contributions of
collicular cell-types to avoidance behavior by optogenetic activation of four specific
genetically defined cell populations in the superficial superior colliculus: 1) excitatory
CAMKII-expressing neurons, to establish the effect of general excitatory activity; 2)
NTSR-expressing (wide-field) neurons targeting the LP; 3) PV-expressing neurons
consisting of excitatory projections to the LP, PBG, and PG and some local interneurons;
4) and GAD2-expressing inhibitory (horizontal) neurons and interneurons projecting to
the LGN and PBG. To limit expression of channelrhodopsin-2 (ChR2), a light-sensitive ion
channel, to these cell-types, transgenic mouse lines expressing Cre in NTSR, GAD2, and
PV neurons (NTSR-GN209-Cre, Gad2-Cre, PV-Cre) were crossed with a Cre-dependent
ChR2-YFP (yellow fluorescent protein) reporter line (Ai32). This resulted in three mouse
lines expressing ChR2 in the specific collicular cell-type. To target the CAMKII
population, an adeno-associated virus (AAV) carrying ChR2 was delivered to the
superficial superior colliculus in CAMKII mice. Histological analysis confirmed ChR2
expression in each mouse line (Figure 3B). Controls were Cre-negative litter mates.

To allow for optical stimulation of these specific populations, optic fibers were implanted
above the dorso-medial portion of retino-recipient layers in the superior colliculus based
on previous work showing cell bodies of these neurons to be located in this region
(Shang et al., 2018; Shang et al., 2015; Gale and Murphy, 2014). Behavioral testing
consisted of an open field test, in which the optic fiber was attached to a blue-light laser
via a patch cable, and mice were allowed to freely explore an arena. Whenever the
mouse crossed the center of the arena, the laser was manually triggered (Figure 3A).
Repeated activation of the distinct collicular cell-types was shown to elicit specific,
consistent behavioral responses. For example, stimulation of CAMKII neurons led to
prolonged freezing behavior (median duration: 9.21 s, IQR=[8.02, 12.65]; Figure 3C-D,
F). In contrast, stimulation of GAD2 neurons resulted in a speed increase during
stimulation and accompanying change in direction (Figure 3C-E, G), while PV animals
tended to escape to the corners of the arena with a decrease in speed (Figure 3C-E, H).
Control mice did not show any change in behavior during stimulation.

1.4 Activation of collicular NTSR neurons elicits stopping be-
havior

Of importance to this project is the response of NTSR x ChR2 mice, which express ChR2
in all NTSR neurons. In the superior colliculus, NTSR is expressed in wide-field neurons
alone, allowing us to target the population of wide-field neurons projecting to the LP.
Upon optogenetic stimulation of collicular NTSR neurons in NTSR x ChR2 mice, the mice
displayed marked and sudden stopping behavior. The period of locomotive arrest was of
shorter duration than that of the CAMKII mice (median duration 1.69 s, IQR=[1.42,
1.95], Figure 3C-D, F). With this added insight into behaviors linked to a specific cell
type, the next focus was examining the downstream networks modulating these
behaviors.
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FIGURE 3 | Cell-type specific activation of the superior colliculus elicits distinct
behaviors (Sans-Dublanc et al., 2020). A. Schematic diagram of open field set-up for op-
togenetic stimulation. Still frame from video recording shows zone (blue rectangle) in which laser
is triggered manually when the mouse runs across. B. Histological confirmation of ChR2 expression
in the superior colliculus in each mouse line (coronal sections; scale bar, 500 um). C. Heatmap
showing speeds prior to, during, and after stimulation for each trial. Horizontal white lines split tri-
als per mouse line. Solid and dashed white vertical lines represents stimulation onset and offset
respectively. D. Speed traces over all stimulation trials for each mouse line. Bold line indicates me-
dian speed, and shaded area shows the IQR. Blue shaded rectangle indicates 1 s stimulation. E.
Trajectories of mice during 1 s stimulus. Traces were aligned based on the initial body position an-
gle. CAMKII: n=6, 14 trials, NTSR1: n=6, 41 trials, PV: n=11, 50 trials; GAD2: n=8, 43 trials;
CTRL n=8, 77 trials. F. Comparison of speeds of each mouse line during time window indicated.
Stimulation onset/offset was 0-1 s. G. Body position at end of stimulation, indicated as perpendic-
ular distance (top) and change in angle (bottom) from x-axis. H. Latency to reach corner after
stimulation, quantified for each mouse line. Data represents averages over mice, with the excep-
tion of G which represents averages over trials. Significance between controls and each mouse line
was tested using Mann-Whitney U-test (alpha = 0.05). F-H. Box-and-whisker plots show median,
IQR and range. * P < 0.05, ** P < 0.01, *** P < 0.001.
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1.5 Whole-brain mapping shows broad networks of distinct
functional nodes activated by cell-type specific stimulation

To investigate whole-brain activity when collicular cell types are activated, optogenetic
stimulation was paired with simultaneous whole-brain functional ultrasound imaging
(fUSi) in awake, head-fixed animals. fUSi is a novel imaging modality, which is based on
Doppler ultrasound and allows real-time whole brain recordings in freely moving rodents
with high spatiotemporal resolution (~100um?, 100ms; Urban et al., 2014; Macé et al.,
2018). An additional advantage of fUSi is the compact size of the set-up, which allows
for concurrent manipulations, such as optogenetic activation, during recording. fUSi
imaging during optogenetic stimulation was performed for each of the four mouse
lines (Sans-Dublanc et al., 2020). The functional data, given by changes in blood volume
across the microvasculature of the brain, were co-registered with the Allen Mouse Brain
Reference Atlas to reveal brain areas activated by optogenetic stimulation of the specific
collicular cell types.

Results showed that activation of each cell-type modulated activity of between 68 and
193 brain areas scattered across the cortical plate, midbrain, cerebellum, and thalamus.
Activation of the motor layers of the superior colliculus was observed in all mouse lines,
as was activity in the dorsal periaqueductal gray (dPAG) and zona incerta (ZI), both of
which are known to play a role in defensive behavior (Assareh et al., 2016; Carrive,
1993; Wang et al., 2019). While some overlap existed, cell-type specific stimulation
activated largely distinct downstream networks. Of note, activity in a greater number of
brain areas seemed to be indicative of a more exaggerated behavioral response. Overall,
these findings indicate that collicular defensive behaviors are mediated by incredibly
complex, distinct networks which share some common nodes. Further evaluation of the
contribution of functional nodes to behavioral modulation tied to collicular cell types
remains our focus of study.

In NTSR x ChR2 mice, fUSi recordings during optogenetic stimulation of NTSR collicular
neurons showed activity in several nodes of interest (Figure 4A-B). As expected, activity
in the LP, the mono-synaptic target of the wide-field neuron projection, was confirmed.
High responses were also observed in several areas which have never been associated
with collicular-driven innate behaviors. Two such nodes are known to receive projections
from the LP, namely the tail of the caudoputamen (CPu; Takada et al., 1985; Redgrave
et al., 2010) and the postrhinal visual area (VISpor; Figure 4A-C; Tohmi et al., 2014;
Beltramo and Scanziani, 2019; Bennett et al., 2019; Nakamura et al., 2015).

1.6 fUSi identifies novel functional node in wide-field neuron
collicular circuit

Of particular interest, activity was also identified in a group of thalamic areas adjacent to
the medial geniculate complex, referred to here as the posterior paralaminar nuclei
(PPnT; Figure 4A-B; Linke, 1999), which have not been previously implicated in the
NTSR collicular neuron downstream pathway. A mono or di-synaptic connection from the
retino-recipient layers of the SC to the PPnT has not been established in mice (Figure
4C). This group of nuclei includes the suprageniculate (SGN), posterior limiting (POL),
posterior triangular (PoT), and posterior intralaminar (PIL) nuclei (Figure 4D; Winer and
Morest, 1983; Ledoux et al., 1987; Winer and Larue, 1988).
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superior colliculus tail of CPu

Superior
Colliculus

FIGURE 4 | Whole brain mapping shows distinct functional nodes activated by
NTSR neuron stimulation. A. Raw sagittal fUSi images of key brain regions active during op-
togenetic stimulation of NTSR neurons in the superior colliculus. B. Coronal sections of normalized
response to optogenetic stimulation of NTSR collicular neurons in regions of interest co-registered
and aligned to the Allen Mouse Brain Reference Atlas. Red box surrounds labeled brain region of
interest. C. Scheme illustrating collicular connectivity of regions identified in fUSi. D. Enlargement
of PPnT from Panel B, showing delineation of nuclei (colored regions): SGN suprageniculate nu-
cleus, PoT posterior triangular nucleus, POL posterior limiting nucleus, PIL posterior intralaminar
nucleus. Also shown: SCm superior colliculus, motor-related, MGm medial division of medial genic-
ulate complex.

Inputs to the PPnT are thought to be multi-modal with auditory, visual, and
somatosensory origin (LeDoux et al., 1984; Peschanski, 1984; Hicks et al., 1986;
Arnault and Roger, 1987; Ledoux et al., 1987; Bordi and LeDoux, 1994; Bordi and
LeDoux, 1994; Benedek et al., 1997; Linke, 1999). Research in rats suggests that the
PPnT receive projections from the superior colliculus (Linke, 1999; Tanaka et al., 1985),

and project in turn to the amygdala, basal ganglia (Moriizumi and Hattori, 1992;
Shammah-Lagnado et al., 1996; LeDoux et al., 1985), and inferior colliculus (Senatorov
and Hu, 2002; Winer et al., 2002). The PPnT appear to transmit sensory stimuli to the
amygdala, and this projection has been suggested to play a role in auditory associative
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learning (LeDoux et al., 1986; Iwata et al., 1986; LeDoux et al., 1988; Ledoux and
Muller, 1997; Romanski and LeDoux, 1992; McEchron et al., 1995; McEchron et al.,
1996), but not maintenance (Campeau and Davis, 1995; Campeau and Davis, 1995) in
fear conditioning paradigms. To date, the link between the PPnT and innate behavior in a
visual context remains largely unexplored.

1.7 Aim of the project: examination of the connectivity of the
PPnT and its role in collicular-driven defensive behavior

While previous literature supports the notion that the PPnT could play a role in collicular-
mediated defensive behaviors in mice, a direct link has yet to be established. This is due
to the paucity of studies in a mouse model as well as the focus on conditioned behaviors
and auditory functions of the PPnT in previous work. Circuitry studies have been largely
limited to rat and cat models. In mice, there is preliminary evidence for projections from
the PPnT to the amygdala and auditory cortex (Keifer et al., 2015; Asede et al., 2015).

We seek to shed light on the PPnT’s connectivity and functional role in visually-evoked
innate behavior in a mouse model. We provide a first approximation of inputs to the
PPNnT using retrograde viral tracing techniques. To examine the contribution of the PPnT
to arrest behavior, we optogenetically stimulate NTSR collicular neurons while
simultaneously inhibiting the PPnT chemogenetically with Designer Receptors Exclusively
Activated by Designer Drugs (DREADDS) in an open field behavioral paradigm. Our study
reveals that the PPnT may play a role in modulating habituation to repeated presentation
of a stimulus, rather than active involvement in the execution of collicular behavior.
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2 Methods

A general experimental timeline is detailed in Figure 5.

A

AAV-hM4D) 14 days
injection

B
HSV-Cre 14 days | perfusion &
injection histology

FIGURE 5 | General experimental timeline. A. Timeline of optogenetic open field behav-
ior experiments. B. Timeline of retrograde viral tracing experiment.

4 days

perfusion &
histology

fiber handling | 3 days
implantation begins

open field | 1 day
testing

2.1 Experimental model and subjects

Adult transgenic mice (8 weeks old for viral injections, 11 weeks for behavioral
experiments) of either sex were used in the experiments. We used three mouse lines in
the project: NTSR1-GN209Cre (n=16), NTSR1-GN209Cre x Ai32 (nh=24 Cre-positive,
n=8 Cre-negative), and Ai9 (n=1). NTSR1-GN209Cre (Genset: 030780-UCD) mice,
hereafter referred to as NTSR1-Cre, express Cre recombinase in NTSR1-GN209-
expressing neurons (Gerfen et al., 2013). Ai32 (JAX: 012569) is a reporter line
expressing ChR2-YFP in the presence of Cre recombinase. NTSR1-GN209Cre x Ai32, a
cross between NTSRI1-GN209Cre and Ai32 mice and hereafter referred to as NTSR x
ChR2, express ChR2 fused to YFP in NTSR1-GN209-expressing neurons (Madisen et al.,
2010). Ai9 (JAX: 007909) is a reporter mouse line expressing tdTomato fluorescence
upon Cre-mediated recombination.

The mice were maintained on a 12-hour light/dark cycle and given ad libitum access to
sterilized food (14% protein maintenance diet) and water. Nesting and bedding material
were provided. Experiments were performed during the light phase. The animals were
socially housed until fiber implantation, after which they were individually housed to
minimize risk of damage to the animal and the optical fiber. All animal procedures were
carried out in accordance with the ethical guidelines of KU Leuven and the European
Communities Guidelines on the Care and Use of Laboratory Animals (004-2014/EEC,
240-2013/EEC, 252-2015/EEC).

2.2 \Viral Injections

2.2.1 Viral vectors

NTSR x ChR2 experimental mice (n=17) were injected in the PPnT with 200 nl of AAV2-
hSyn-hM4D(Gi)-mCherry (Addgene, 50475) for expression of the inhibitory DREADD
human Gi-coupled M4 muscarinic receptor (hM4D) fused with mCherry under control of
the human synapsin promoter. NTSR x ChR2 control mice (n=7) were injected in the
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PPnT with 200 nl of AAV2-hSyn-EYFP (UNC vector core, AV4376E) for expression of YFP
as a reporter. For expression of ChR2 in a targeted population of wide-field (NTSR
collicular) neurons, we injected 200 nl of AAV2-EF1a-DIO-hChR2(E123T/T159C)-p2A-
EYFP-WPRE (UNC vector core, AV5468C) into the superficial superior colliculus of NTSR1-
Cre mice (n=16; Mattis et al., 2011). We also injected NTSR1-Cre mice with AAV-hM4D
into the PPnT, as detailed above. The tdTomato mouse (n=1) was injected with a
modified HSV-cre (hEF1-cre HT) for retrograde viral tracing.

2.2.2 Surgical preparation

Animals were anesthetized via intraperitoneal injection of ketamine (75 mg/kg body
weight) and medetomidine (1 mg/kg) in saline. Anesthetic depth was verified by absence
of the pedal reflex. The head was disinfected and the fur covering the skull removed. The
mice were head-fixed in a stereotaxic device (Narishige, SR-5N) and surgery performed
on a heated pad (37°C) to preserve stable body temperature. Eye ointment (Dura Tears,
Novartis, 288/28062-7) was applied to the eyes to prevent dryness, and a local
anesthetic (Lidocaine 0.5%, 7 mg/kg) was injected subcutaneously. An incision was
made along the midline to expose Lambda and Bregma landmarks for stereotaxic
measurements. A small craniotomy was made above the injection site using gentle
rotation of a needle to penetrate the skull (BD Micro-Fine + 8 mm x 0.25 mm).

2.2.3 Injection

Viruses were loaded in a sharp, pulled-glass micropipette (Wiretrol II capillary
micropipettes, Drumond Scientific, 5-000-2005; Sutter Laser-Based Micropipette Puller,
P-2000) with an open tip of 30 ym and mounted on an oil-based hydraulic
micromanipulator (Narishige MO-10) for stereotaxic injections. The micropipette tips
were coated with DiD (Thermo, D7757) to mark the injection sites. 100 nl of virus was
injected at each depth with 5-minute intervals between each injection.

Anterior-posterior (AP) coordinates are measured from Bregma, medial-lateral (ML)
coordinates are measured from midline, and dorsal-ventral (DV) coordinates are
measured from the surface of the skull. Injections were consistently made in the left
hemisphere. AP and ML coordinates were based on the Allen Mouse Brain Atlas (Bakker
et al., 2015) and the Paxinos atlas was used for DV coordinates (Franklin, 2019). We
used a standard Lambda-Bregma distance of 4.7 mm and maximal lateral distance from
midline of 5.0 mm. To account for variation in brain size, we applied a correction factor
(actual / standard) when actual measurements were outside a £ -0.1 mm margin of
error. PPnT coordinates were AP: -3.0 to -3.4 mm; ML: 1.8 to 2.0 mm; DV: -3.4 and -
3.3 mm. For AAV-ChR2 injections to the medial retino-recipient layers of the superior
colliculus, the following coordinates were used: AP: -3.6 to -3.8 mm; ML: 0.3 mm; DV: -
1.3 and -1.2 mm.

Following injection, the incision was closed using Vetbond tissue adhesive (3M, 1469)
and Antisedan (atipamezole, 1 mg/kg) was administered intraperitoneally. Mice were
allowed to recover on a heating pad and given access to soft food and water containing
antibiotics (emdotrim, ecuphar, BE-V23552). To ensure adequate viral expression, we
waited two weeks before sacrificing animals for the viral tracing experiment and three
weeks before performing behavioral experiments.
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2.3 Fiber optic cannulae implantation

After mice recovered from the viral injections, we performed headposting and fiber optic
cannulae implantation into the superior colliculus to allow for optogenetic activation.
Surgical preparation followed the same procedure outlined in Section 2.2.2. The lateral
and posterior muscles attaching to the skull were pushed back and Vetbond adhesive
applied around the open skin incision. A titanium headpost was secured to the animal’s
skull using Dental acrylic (Super-Bond C&B) mixed in a cooled ceramic tray. The
headpost was used to align the head during fiber implantation and to stabilize the mouse
while attaching the patch cable to the optic fiber in behavior experiments.

A craniotomy was performed to expose the cortex above the implantation site. We used
a dental drill to thin the skull; the thinned piece of skull was then removed with fine
forceps. The fiber optic cannula (Doric lenses, MF1.25, 200/245-0.37, FLT) was inserted
into a probe holder and connected to a stereotaxic arm for implantation. Coordinates for
the fiber entry on the surface of the brain were: AP: -3.1 to -3.7 mm; ML: 1.5 mm
contralateral to the virus injection site. The fiber was inserted 1.9 mm into the brain at
54° for a final tip placement above the superior colliculus at AP: -3.1 to 3.7 mm; ML: 0
mm; DV: -1.1 mm (see Figure 7B for example). The angled implantation strategy
increases the area of the superior colliculus that can be illuminated by the stimulation
and facilitates access to the deeper layers of the superficial superior collicular where cell
bodes of wide-field neurons are found without damaging the layers above. The fiber was
secured with dental cement. Following the procedure, the animals were individually
housed in clean cages to aid recovery and to avoid damage to the head post and fiber
from cage mates. Mice were provided access to a heating pad for 24 hours post-surgery
and treated with painkillers (Buprenorphine 0.2 mg/kg I.P.) and antibiotics (Cefazolin 15
mg/kg I.P.) for up to 3 days post-surgery depending on the animal’s condition.
Behavioral experiments were performed at least 4 days after fiber implantation to allow
for total recovery.

2.4 Optogenetic open field test

2.4.1 Open field set-up and data acquisition

The 20-minute open field behavioral tests were performed in a custom-made square
wooden box (W: 50 cm x L: 50 cm x H: 36 cm) (Figure 6B). A lamp was positioned
overhead and directed toward a wall to provide dim ambient light (~50 lux). A video of
the test was acquired with a Firefly MV camera fixed 53 cm above the arena center and
recorded as M-JPEG files with FlyCap2 Image Acquisition application (37,000 frames;
frame rate: 30 frames per second (fps); JPEG compression quality 75). For optogenetic
activation, we used a blue light (473 nm) DPSS laser system (Laserglow Technologies,
R471003GX) connected to a patch cord. Custom MATLAB codes were used to deliver a 1-
second stimulation at 20 Hz with 2 ms pulse width. This frequency was chosen based on
previous reports indicating that firing rates of natural visual responses in the superior
colliculus is 20 Hz (Wei et al., 2015). Before experiments, the laser output was tested at
20 Hz and set at 0.2 mW.

Mice were habituated to handling beginning at least 3 days prior to behavioral testing.
Just prior to recording, we connected the patch cord to the fiber optic cannula of the
mice via a rotary joint (Thorlabs, RIPFL2) to allow free movement. The animal was then
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placed into the open field and allowed to freely explore the arena. After a 2 minute
period of acclimatization, the laser was manually triggered mid-stride when the mouse
crossed the center (Figure 6B). A small LED indicator attached to the box itself was also
activated whenever the laser was triggered, and this visual cue was used in the video
tracking to verify the precise time of stimulation. Each 1 s stimulation is referred to as a
trial. We waited at least 30 seconds between stimulation trials, and each mouse
underwent approximately 15 trials in a 20-minute session.

2.4.2 Experimental Design

Experimental animals expressed inhibitory DREADD receptor hM4D in the PPnT while
non-DREADD control animals expressed a reporter gene for YFP in the PPnT. Both groups
underwent identical surgical procedures, housing conditions, open field behavioral
testing, and treatment with clozapine-N-oxide (CNO), the hM4D actuator. hM4D is
expressed in the cell bodies and axons of neurons, and CNO administration activates the
receptor, leading to hyperpolarization and suppression of electrical activity of hM4D-
expressing cells (Armbruster et al., 2017). Both groups received saline vehicle control
and ligand injections to control for non-specific effects of CNO metabolism (Goutaudier et
al., 2019).

Behavioral testing consisted of five open field sessions. Sessions 1 to 4 were performed
at 48-hour intervals with Session 5 following one week later (Figure 6A). Environmental
noise and light pollution were kept at a minimum. Saline or CNO (1.0 mg/kg body
weight) was injected intraperitoneally 30-40 minutes prior to each test (Figure 6A). In
Session 1, saline was administered to all animals prior to the open field test to establish
a baseline of behavior due to collicular activation with the laser. In Session 2, 48-hours
later, animals received an injection of CNO to locally inhibit the cells in the PPnT in
hM4D-expressing mice. In YFP-expressing control mice, no PPnT inhibition occurred.
Sessions 3 to 5 featured saline injections for all animals in order to investigate recovery
of the behavioral responses.

The metabolism of CNO to clozapine and the potential for its binding to endogenous
receptors is an important consideration in CNO-based DREADD studies (Mahler and
Aston-Jones, 2018; Gomez et al., 2017; Manvich et al., 2018). Clozapine reaches peak
CSF concentrations at 2-3 hours after CNO administration (Gomez et al., 2017), thus we
began our behavioral tests 30-40 minutes after administration, at which time point the
ratio of clozapine to CNO in mice has been shown to be 7.4% (Manvich et al., 2018).
Separating behavioral sessions by 48 hours ensures clearance of CNO and its
metabolites.

2.4.3 Data Extraction and Processing

Video recordings of behavior testing were analyzed using DeepLabCut open source
software, which performs 3D pose estimation based on deep learning methods (Mathis et
al., 2018). A training dataset was created by manually labeling various body parts of the
mouse, such as the nose, tail, and ears for 200 video frames (Nath et al., 2019). The
network was trained, evaluated, and used to assign labels to video frames automatically
based on a feature-extracting deep learning algorithm (Figure 6C, Video S1; all video
links and descriptions can be found in Table S1). DeepLabCut yielded a .csv file with x/y
label positions in pixels for every frame of each video as well as a confidence
score (Mathis and Mathis, 2020). Positional data of the base of the tail was used to
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convert the animal’s position to velocity (expressed in cm/s) based on a transformation
factor incorporating the pixel to distance ratio.
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FIGURE 6 | Optogenetic open field experimental set-up and data acquisition.

A. Timeline of five sessions (S) of behavioral testing with indication of saline or CNO injec-

tion. B. Schematic diagram of open field set-up for optogenetic stimulation consisting of custom
square box, fiber coupled to a blue-light laser, overhead camera, and LED indicator. Still frame
from video recording shows zone (blue rectangle) in which laser is manually triggered when the
mouse crosses. C. Example frame from video recording showing labeled markers (nose, ears, tail
base, and tail end) assigned by DeeplLabCut. The x/y position of each marker was extracted for ev-
ery video frame. D. Example speed traces for two trials showing extracted speed (cm/s) plotted
over recorded video frames (frame rate: 30 fps). Trials were selected from a mouse in the hM4D
group in Session 1 (left) and Session 2 (right) and show a trial with a stopping episode (left) and a
trial with no stopping (right). Shaded blue rectangle indicates 1 second stimulation. Whenever
speed falls under 1.5 cm/s threshold, the orange horizontal line is elevated. This is considered a
stopping episode if the duration is > 10 frames (0.33 sec) and the episode begins during the stim-
ulus. If a stopping episode meets the criteria, black vertical lines indicate onset and offset of the
episode and the stop duration is calculated and listed in green.
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Frames corresponding to optogenetic stimulation were extracted using custom Python
code based on the presence or absence of the LED indicator. For each trial, speed
vectors consisting of the extracted speeds from 2 seconds preceding the stimulation to 8
seconds post-stimulation were compiled into a data frame. Speed during stimulation in
each trial was calculated as the mean of the speed over 20 frames (0.67 s) starting
halfway through the stimulation. Each trial was assigned a Boolean value based on the
presence or absence of a stopping episode during the stimulation, which was defined as
a speed of <1.5 cm/s for at least 0.33 s. This threshold was verified graphically (Figure
6D). The Boolean True/False values were then used to calculate the stopping probability
of mice over trials and over sessions. Plots for data visualization were generated using
custom Python scripts. Video clips included in Supplementary Material were compiled
using Windows Video Editor software.

2.5 Immunohistochemistry

After termination of behavioral experiments, mice were anesthetized with concentrated
ketamine (200 mg/kg) and xylazine (30 mg/kg) and transcardially perfused with 1x
phosphate-buffered saline (PBS) and 4% paraformaldehyde (PFA, HistoFix, Roche). The
animals were decapitated, and brains removed and post-fixed overnight in PFA at 4°C.
Specimens were stored in PBS at 4°C until histochemical analyses were performed.

Brains were mounted in 1.5% agarose and sections of 100 or 200 pm were sliced on a
vibratome (Leica VT1000 S). Sections were collected in 1 x PBS. All brains were
incubated with DAPI (Roche, 10236276001, 1:2000) to stain nuclei for visualization of
macroscopic brain structures. Immunofluorescent staining was performed to amplify
signals from fluorescent proteins. Brains were first incubated in a blocking buffer (1x
PBS, 0.3% Triton X-100, 10% Donkey serum) at room temperature for an hour. Then,
slices were incubated with primary antibodies in blocking buffer overnight at 4°C. The
following day, slices were washed 3 times for 20 minutes in 1x PBS, 0.3% TritonX-100
and then incubated in secondary antibodies in blocking buffer overnight at 4°C. Primary
antibody rabbit anti-GFP (Thermo Fisher, A-11122, 1:1000 antibody:solution) and
secondary antibody Alexa488 donkey anti-rabbit (Thermo Fisher, A21206, 1:1000) were
used to amplify fluorescence from ChR2-YFP-positive cells. Primary antibody chicken
anti-RFP (Thermo Fisher, 1:1500) and secondary antibody Cy3 donkey anti-chicken
(Thermo Fisher, 1:500) were used to amplify signals from m-Cherry in hM4D DREADD-
expressing cells and for the viral tracing experiments in tdTomato mice. Following
secondary antibody incubation, sections were washed 3 times for 20 minutes in 1x PBS,
0.3% TritonX-100 and once in 1x PBS. Sections were then mounted on glass slides and
covered with mounting medium (Dako, C0563) and a glass coverslip.

Slides were scanned with a wide-field fluorescence microscope (Olympus MVX10) to
verify the location of the injections, fiber implant, and viral expression in each animal.
Images were acquired using a ToupCam 5.0 MP CCD camera and Toupview acquisition
software. Select examples were scanned under a confocal microscope (Zeiss LSM 710)
using a 10x objective (plan-APOCHROMAT 0.45 NA, Zeiss). Histological images were
aligned to the coronal Allen Mouse Brain Atlas using the Allen Institute SHARP-Track
MATLAB user interface (Shamash et al., 2018).
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2.6 Statistical Analysis

Statistical analyses were performed in Python. Data are presented as mean * standard
deviation, unless otherwise indicated. Where Shapiro-Wilk tests revealed non-normal
data distributions, non-parametric tests were used. Means of data distributions were
compared using the Mann-Whitney U test and Wilcoxon test for paired samples.
Differences were considered significant where P < 0.05 (* P < 0.05, ** P < 0.01,
*** p < 0.001, **** p < 0.0001). Correlation is given as Pearson Correlation Coefficient

(r).
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3 Results

3.1 Inhibition of the PPnT facilitates habituation to repeated
stimulation of NTSR neurons

To examine the role of the PPnT in collicular-driven stopping behavior, we injected a viral
vector for expression of the inhibitory DREADD receptor hM4D (AAV2-hSyn-hM4D(Gi)-
mCherry) in the PPnT of NTSR x ChR2 mice (Figure 7A, C). Control animals were injected
into the PPnT with an AAV carrying the gene of a yellow-fluorescent protein (YFP) as a
reporter. Fiber optic cannulae were implanted over the medial superior colliculus for
optogenetic stimulation of ChR2-expressing neurons (Figure 7A-B). Mice were tested in
an open field set-up, during which they were allowed to explore freely. Mice tended to
actively explore the arena throughout the test, moving between corners and crossing the
open space frequently. When the mouse ran across the center of the arena (mean speed
22.1 £ 5.8 cm/s in 0.5 s before stimulation), we manually triggered the laser (blue light,
473 nm), stimulating the colliculus at 20 Hz for 1 second (Figure 7D). All animals
underwent five sessions separated by 48 hours with the exception of Session 5, which
took place 7 days after Session 4. The hM4D actuator CNO was administered (i.p.) prior
to the second session to inhibit the PPnT. Saline was administered prior to all other
sessions . Each animal was stimulated approximately 15 times in each 20 minute session
(16 £ 2 for hM4D animals, 15 £ 2 for controls). The behavioral profiles and speed
dynamics of animals expressing hM4D were compared to those of control animals
expressing YFP.

In Session 1 (saline injection), optogenetic stimulation consistently induced a dramatic,
invariant speed drop and stopping episode in both groups. The median drop in speed
was 97.6% (IQR: [95.4, 98.5]) for hM4D and 97% (IQR: [96.0, 98.3]) for controls, with
the comparison made between 0.5 s before stimulation and last 0.5 s of 1 s stimulation
period (Figure 7E-G, Video S2). Stopping episodes (defined as speed <1.5 cm/s for >
0.33 s) lasted 1.27 s (median, IQR: [0.7, 1.3]) for hM4D mice and 1.23 s (median, IQR:
[0.93, 1.45]) for control mice in Session 1 on average. The median probability of
stopping was 1.0 for both the hM4D group and control group (IQR: [1.0, 1.0] and [0.93,
1.0] respectively). Speed during stimulation and probability of stopping did not differ
significantly between groups (Mann-Whitney U test; P = 0.352, P = 0.332 respectively,
Figure 7I1-J).

Upon CNO administration and consequent PPnT inhibition in Session 2, hM4D-expressing
mice showed a significantly lower probability of stopping compared to controls (Mann-
Whitney U test; P = 0.008; Figure 7]) as well as significantly higher average speeds
during stimulation (Mann-Whitney U test; P = 0.013; Figure 7I). Median probability of
stopping was 0.65 (IQR: [0.53, 0.79]) for hM4D mice and 0.88 (IQR: [0.84, 0.92]) for
controls. Paired samples Wilcoxon tests revealed a highly significant difference in the
stopping probability of hM4D-expressing mice in Session 2 (CNO) compared to Session 1
(saline) (P = 0.0004), while control mice showed no significant difference (P = 0.063)
(Figure S1C). Stopping probability in Session 2 (CNO) did not correlate to the number of
times the mouse was stimulated (r = -0.241; Figure S1D), nor did stopping probability
differ significantly between male and female mice expressing hM4D (Mann-Whitney U-
test; P = 0.180; Figure S1E).
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We found that inhibition of the PPnT increased the variability of the responsiveness of
mice to the stimulation (Figure 7E-G). An examination of the evolution of behavior over
trials within Session 2 (CNO) revealed that hM4D mice habituated more rapidly to the
stimulus than controls, as indicated by a progressive increase in median speed and
decrease in percentage of mice stopping during the stimulation (Figure 7H, Video S3).
Control mice showed little to no habituation to repeated NTSR collicular stimulation over
Session 2 (Video S3).

Over subsequent sessions in which saline was administered, recovery of the attenuated
stopping response did not occur (Figure 7J), and hM4D mice tended to exhibit higher
median speeds during stimulation than controls (Figure 7I, Figure S1A-B). Taken
together, these results suggest that inhibiting the PPnT facilitates habituation to
repeated stimulation of collicular NTSR neurons.

3.2 Histological validation and analysis of relationship to stop-
ping probability

To validate our behavioral results, we performed histological analysis of fiber placement
and viral expression in sectioned brains and examined the relationship between stopping
behavior and the location of viral expression. Fiber tip placement was -3.4 £ 0.3 mm
from Bregma on the AP plane for hM4D mice (Figure S2), and -3.3 £ 0.3 mm for YFP
controls (Figure S4B). All animals stopped consistently during the first session, indicating
that NTSR neurons were stimulated in all cases. ChR2 expression in NTSR x ChR2
crossed mice was confirmed with confocal microscopy (Figure 7B). Viral expression of
hM4D/YFP in the PPnT, indicated by mCherry/YFP fluorescence, was also verified
histologically (Figure 8A-B, Figure S3A, Figure S4A). Alignment with the Allen Mouse
Brain Atlas showed the following variability in the coordinates of the center of hM4D
expression: AP -3.15 mm *+ 0.2, ML 1.8 mm £ 0.1, DV 3.4 mm £ 0.1 (Figure 8A-
C). AP spread of the virus was 0.64 mm % 0.14 (Figure 8D). Viral expression in the PPnT
was confirmed in all cases and all animals were included in behavioral analysis (n=24).

To investigate the relationship between stopping behavior and the specific location of
hM4D expression in the PPnT, we examined the correlation between stopping probability
in Session 2 (CNO) and the coordinates of the center of expression (Figure 8C) as well as
the anteroposterior spread of expression (Figure 8D). Linear regression revealed no
correlation with coordinates on the AP, ML, and DV planes or the extent of expression
(Pearson coefficient r = 0.112, 0.245, -0.293 and -0.297 respectively). Additionally, we
compared the stopping probability of animals with and without hM4D expression in the
specific nuclei of the PPnT (Figure 8E). All mice had expression in the POL. PoT
expression was present in most animals (n=13/17), but its presence or absence had no
effect on stopping probability (Mann-Whitney U-test; P = 0.198). Expression in the PIL
and SGN was observed in approximately 50% of the animals (PIL: n=9/17; SGN:
n=8/17). Interestingly, rather than causing the behavioral attenuation, expression in
these areas seemed to interfere with the effect, increasing stopping probability (Mann-
Whitney U-test; PIL: P = 0.037; SGN: P = 0.042). Viral expression in the caudal LP was
observed in several animals (n=8/17), but this had no effect on stopping probability
(Mann-Whitney U-test; P = 0.168, Figure 8F). Expression in the dentate gyrus (DG) and
motor layers of the SC (SCm) also had no effect on stopping probability (P = 0.500 and
0.405 respectively, Figure S3B). Overall, animals with the greatest attenuation of
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stopping behavior exhibited expression centered in the POL, suggesting that inhibition of
this area facilitates habituation to repeated activation of collicular NTSR neurons.
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FIGURE 7 | PPnT inhibition facilitates habituation to stimulation of NTSR collic-
ular neurons. A. Experimental paradigm. B. Coronal sections showing fiber implantation (left)
and ChR2 expression (right) in NTSR x ChR2 mouse for optogenetic stimulation of the medical
retinorecipient layers of the colliculus. Fiber is delineated by dotted white lines, and superfical lay-
ers of the superior colliculus are outlined in solid white. Scale bar, 1 mm (left), 500 pm
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(right). C. Confocal image of coronal section aligned to the Allen Mouse Brain Atlas showing AAV2-
hSyn-hM4D(Gi)-mCherry expression (red) in the PPnT (outlined in solid white) of NTSR x ChR2
mouse. White box (left) indicates area of enlargement (right) with demarcation of PPnT areas
SGN, POL, and PIL. Scale bar, 1 mm (left), 500 um (right). D. Open field set-up for optogenetic
stimulation. E-G. Red box indicates plots where PPnT is inhibited in hM4D mice. E. Heatmaps
showing speed over time for NTSR x Chr2 AAV-hM4D mice (top row, n=17) and AAV-YFP controls
(bottom row, n=7) over first two sessions. Each row in the heatmap is a single trial, and trials be-
longing to a single animal are indicated by the vertical black lines on the left of the plot (hMD4 tri-
als per mouse, Session 1 = 15 £ 2, Session 2 = 16 * 3; CTRL trials per mouse , Session 1 = 15
+ 2, Session 2 = 14 % 2). Blue rectangle (bottom) indicates when laser was on, and vertical white
lines show stimulus onset and offset. F. Speed traces from Session 1 (left) and Session 2 (right)
for all trials of one hM4D mouse (top row) and one control mouse (bottom row). Blue shaded rec-
tangle indicates stimulation (0 to 1 s). G. Top row, median speed over time of all hM4D (blue) and
control (gray) mice for all trials of Session 1 and 2. Bottom row, mean absolute deviation (MAD) in
speeds across trials for hM4D (blue) and CTRL (gray) animals. H. Median speed during stimulation
(top row) and percentage of mice that stopped (bottow row) during first and last 3 trials of Session
2 for hM4D (blue) and CTRL (gray) mice. I. Overview of median speed during stimulation for all
five sessions for hM4D (blue) and CTRL (gray) mice. J. Overview of stopping probability across tri-
als for all five sessions for hM4D (blue) and CTRL (gray) mice. Box and whisker plots indicate me-
dian, IQR, and range of distribution. Significance was tested using Mann-Whitney U-test (alpha =
0.05). * P < 0.05, ** p < 0.01.
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FIGURE 8 | Histological analysis of AAV-hM4D expression in the PPnT.

A. Schematic representation of the centers of AAV-hM4D expression for all animals (n=17)
grouped on the AP plane. Color represents stopping probability in the CNO-administered session.
PPnT areas are outlined and labeled in black. B. Coronal sections from three example brains
aligned to the Allen Mouse Brain Atlas. Each row contains images from a single animal, and in each
column is an image of the anterior limit of hM4D expression (left), center of expression (center),
and posterior limit of expression (right). The PPnT areas, where present, are outlined by dashed
black lines. Colored circle in the center column indicates stopping probability of the associated ani-
mal based on the colormap in Panel A. Scale bar, 1 mm. C-F. Colored points correspond to histol-
ogy examples given in Panel B. C. Relationship of Session 2 (CNO) stopping probability of AAV-
hM4D mice to injection center coordinates on the AP (top), DV (center), and ML (bottom) planes
(n=17). Black line is line of best-fit from linear regression, and shaded area represents the 95%
confidence interval. D. Relationship of Session 2 (CNO) stopping probability to AAV-hM4D antero-
posterior spread of expression. E. Stopping probability of AAV-hM4D mice with and without ex-
pression in the PoT (left), PIL (center), and SGN (right). F. Stopping probability of AAV-hM4D mice
with and without expression in the LP. Box plots indicate median and IQR. Significance was tested
using Mann-Whitney U-test (alpha = 0.05). * P < 0.05.
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3.3 Stimulation of wide-field neurons is sufficient to elicit stop-
ping behavior

As NTSR x ChR2 mice express ChR2 in all NTSR-positive cells, we performed a control
experiment to verify that stimulation of a targeted population of wide-field neurons alone
is sufficient to induce stopping behavior. To test this, we delivered a targeted injection of
AAV-DIO-ChR2 to the medial retinorecipient layers in the colliculus of NTSR1-Cre mice
(n=16) (Figure 9A). In a behavioral paradigm identical to that described above, 4 out of
16 mice stopped consistently upon optogenetic stimulation. Histological analysis
confirmed that mice with little or no ChR2 expression in the SC, or a mismatch between
the injection site and fiber placement did not respond to the stimulation, and these mice
were removed from further analysis (n=12, Figure S5C).

For mice with ChR2 expression aligned correctly with the fiber tip (n=4; Fig 9B, Figure
S5B), optogenetic stimulation of the superior colliculus evoked consistent stopping
behavior in Session 1 when compared with Cre-negative NTSR x ChR2 controls (n=8; Fig
9C-D, Video S4). NTSR1-Cre animals showed significantly lower speeds during
stimulation (P < 0.0001; Fig 9E) and greater stopping probability (P = 0.007; Fig 9F)
than controls. These results suggest that stimulation of wide-field neurons is sufficient to
elicit stopping behavior, indicating that optogentically-induced stopping behavior in NTSR
x ChR2 mice is not due to nonspecific activation of axon terminals or fibers of passage.

3.4 NTSR1-Cre mice display behavioral trends comparable to
NTSR x ChR2 mice upon PPnT inhibition

To test the behavioral effect of PPnT inhibition when stimulating a targeted wide-field
neuron population, ChR2-expressing NTSR1-Cre mice were injected with hM4D into the
PPnT and underwent 5 sessions of behavioral testing identical to NTSR x ChR2 mice
(Figure 10A). hM4D expression in the PPnT was verified in each animal (Figure 10B,
Figure S5A).

While the speed of hM4D NTSR1-Cre animals compared to hM4D NTSR x ChR2 during
stimulation was higher over sessions (Figure 10C-D), both groups exhibited a
comparable trend of speed increase upon CNO administration in Session 2 compared to
Session 1 (saline), which was not observed in YFP-expressing NTSR x ChR2 controls
(Figure 10E, Video S5). Analysis of the fold change in speed from Session 1 to Session 2
revealed that hM4D NTSR x ChR2 mice did not differ from hM4D NTSR1-Cre mice (P =
0.280), while both groups differed significantly from control animals (P = 0.007 for
hM4D NTSR x ChR2 and P = 0.024 for hM4D NTSR1-Cre, Figure 10F).

Stopping probability of NTSR1-Cre mice, while initially lower than NTSR x ChR2 mice,
mirrored the pattern of decrease in hM4D NTSR x ChR2 mice (Figure 10G). The
difference in stopping probability between Session 1 and Session 2 did not differ
significantly between NTSR1-Cre and NTSR x ChR2 hM4D animals (P = 0.131), while
both groups differed from control animals (P = 0.005 and 0.009 for NTSR1-Cre and
NTSR x ChR2 hM4D mice respectively; Figure 10H). These results support the finding
that inhibition of the PPnT facilitates habituation to repeated stimulation of wide-field
neurons.
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FIGURE 9 | Stimulation of wide-field neurons is sufficient to elicit stopping be-
havior. A. Scheme of injection strategy for NTSR1-Cre mice. B. Confocal image of coronal section
showing the fiber tip (dotted line) aligned with ChR2 expression in the retinorecipient layers of the
superior colliculus (outlined with solid white line) in NTSR1-Cre mouse. Scale bar, 500

pm. C. Heatmaps showing speed over time for NTSR1-Cre+ mice and Cre-negative controls. Each
row is a single trial, and trials belonging to a single animal are indicated by the vertical black lines.
Vertical white lines show stimulus onset and offset. D. Median speeds over time of NTSR1-Cre+
(green) and Cre-negative control (indigo) mice. Stimulus onset and offset (0 to 1 sec) delineated
by blue rectangle. E. Comparison of speed during stimulation for NTSR1-Cre+ (green) and control
mice (indigo). F. Comparison of stopping probability for NTSR1-Cre+ (green) and control mice (in-
digo). Box and whisker plots indicate median, IQR, and range of distribution. Significance was
tested using Mann-Whitney U-test (alpha = 0.05). ** P < 0.01, **** p < 0.0001.
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FIGURE 10 | NTSR1-Cre display behavioral trends comparable to NTSR x ChR2
mice upon PPnT inhibition. A. Scheme of injection strategy and behavioral testing for
NTSR1-Cre mice. B. Coronal slice (left) showing expression of AAV-hSyn-hM4D(Gi)-mCherry in the
PPnT of NTSR1-Cre mouse. White rectangle shows area enlarged in right panel. PPnT is outlined in
solid white (right), and the specific areas in the PPnT (POL, SGN, and PIL) are outlined in dashed
white lines. Scale bar, 1 mm (left), 500 pm (right). C. Overlay of median speeds for Session 1 and
2 for hM4D NTSR1-Cre (green) and hM4D NTSR x ChR2 (blue) mice. Stimulus onset and offest (0
to 1 sec.) delineated by blue rectangle. D. Median speed during stimulation for all five sessions for
NTSR1-Cre (green) and NTSR x ChR2 mice (blue). E. Comparison of median speed during stimula-
tion for hM4D NTSR1-Cre (green), hM4D NTSR x ChR2 (blue), and YFP control (gray) groups dur-
ing first two sessions. Error bars represent 95% confidence interval. F. Fold change in speed from
Session 1 to Session 2 in all groups. G. Stopping probability over all sessions, for all groups. Error
bars represent 95% confidence interval. H. Difference in stopping probability between first two
sessions for all groups. Box plots indicate median, interquartile range, and range of the distribu-
tion. Significance was tested using Mann-Whitney U-test (alpha = 0.05). *P < 0.05; **P< 0.01.
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3.5 Retrograde viral tracing suggests inputs to the PPnT arrive
from across the midbrain and select areas in the limbic system
and cortex

To determine inputs to the PPnT in mice, we injected 200 nl HSV-Cre, a retrograde viral
tracer, into the PPnT of a tdTomato mouse (n=1) (Figure 11A). Subsequent histological
analysis and confocal imaging revealed a variety of labeled areas across the midbrain,
limbic system, and cortex (Figure 11B-C). In the midbrain, dense labeling was observed
in the superior colliculus, inferior colliculus, cuneiform nucleus, PAG, and precommissural
nucleus. Within the superior colliculus, most labeled cell bodies were in the superficial
layers, with the greatest density in the optic layer and the lateral portion of the
superficial gray layer. Sparser labeling was present in the motor layers of the colliculus.
Inferior collicular expression was greatest in the external nucleus, and labeling in the
PAG was greatest in the dorsal and dorsolateral portion. Less dense labeling was
observed in the PBG and parabrachial nucleus. In the limbic system, labeled cells were
found in the amygdala (central and medial nuclei), hypothalamus (tuberal nucleus and
ventromedial nucleus), and zona incerta. Labeled cortical areas included the VISpor,
somatosensory cortex (supplementary and primary areas, layer 5 and 6a), auditory
cortex (layer 6a), with sparse labeling in the motor cortex. Widespread labeling in
thalamic regions adjacent to the injection site was also noted. Sparse labeling was also
observed throughout the pons and medulla, with concentrations in the nucleus
prepositus and spinal trigeminal nucleus.

Anecdotal observation of the axon terminals of m-Cherry-stained neurons from the PPnT
of a mouse in behavioral experiments (n=1) revealed expression in the cortex, midbrain,
and limbic system (Figure S6). Cortical labeling was seen in the retrosplenial area,
posterior and ventral auditory areas, temporal association areas, and ectorhinal area
(Figure S6A). In the limbic system, the midline thalamic complex, reticular nucleus of
the thalamus, lateral amygdala, and zona incerta were labeled (Figure S6C-D). Midbrain
expression was observed in the cuneiform nucleus, inferior colliculus, superficial layers of
the superior colliculus, and dorsolateral PAG (Figure S6B), highlighting these areas as
possible targets of the PPnT. This anecdotal evidence give a first approximation of the
inputs and outputs of the PPnT in mice and opens the door to a thorough examination of
nucleus-specific circuitry and the precise involvement in visually guided defensive
behavior.
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FIGURE 11 | Retrograde viral tracing reveals inputs to the PPnT. A. Injection of
Cre-dependent HSV virus into PPnT of tdTomato mouse (left). Confocal image (right) shows td-
Tomato expression at injection site (AP -3.2). Scale bar, 1 mm. B. Confocal images of selected re-
gions with the highest amounts of tdTomato labeling. Blue shows DAPI staining. All unilateral im-
ages are ipsilateral to the injection site, with the exception of the VISpor, which showed labeled
cells contralaterally. Scale bar (bottom right image), 1 mm. Scale bar, (all others) 200 pm. SSs
somatosensory cortex, supplementary, AMG amygdala, CeA central nucleus amygdala, MeA medial
nucleus amygdala, HY hypothalamus, ZI zona incerta, TU tuberal nucleus, VMH ventromedial nu-
cleus hypothalamus, AUD auditory cortex, SC superior colliculus, PAG periaqueductal gray, VISpor
visual postrhinal cortex, IC inferior colliculus, CUN cuneiform nucleus., PRP prepositus nucleus,
SPVO spinal nucleus trigeminal, oral. C. Summary of suggested inputs to the PPnT. SSp so-
matosensory cortex, primary, PRC precommissural nucleus, SCs superior colliculus, superficial lay-
ers, SCm superior colliculus, motor related, PBG parabigeminal nucleus, PB parabrachial nucleus.
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4 DIscussion

Innate defensive behaviors are highly complex, as they involve the integration of
sensory information to influence motor output automatically. The underlying circuits
then, require tortuous projections connecting areas dispersed across the brain. When it
comes to collicular-driven behaviors, very few specifics are known about how functional
nodes downstream from the colliculus contribute to and mediate behavioral output. The
PPNnT have been linked to fear conditioned responses, but have never been implicated in
the wide-field neuron collicular circuit nor in innate defensive behaviors in mice in
general. We give a first approximation of the role of the PPnT in innate behaviors, by
examining this collicular circuit specifically. Our study of the PPnT reinforces the power of
functional whole brain imaging to identify novel areas associated with specific behaviors
and then manipulate them directly. We show that directly manipulating these functional
nodes can uncover novel roles for brain regions. These types of studies are vital for a
thorough understanding of neural circuits. Dissecting the specific cell-types, projections
and nuclei involved in innate behaviors in a rodent model is necessary to begin to
understand how dysregulation of homologous circuits in humans can lead to phobias,
post-traumatic stress, and anxiety disorders.

4.1 Anovelrole for the PPnT in mediating innate collicular-
driven behavior

To investigate the role of the PPnT in collicular-driven behavior, we simultaneously
stimulated NTSR neurons in the colliculus with optogenetics while chemogenetically
silencing the PPnT using the inhibitory DREADD hM4D in a transgenic mouse model. We
discovered that inhibition of the PPnT resulted in quicker habituation to repeated
optogenetic stimulation of NTSR neurons. hM4D-expressing mice who exhibited
stereotyped and consistent stopping behavior upon collicular stimulation in saline trials,
habituated quickly to the stimulation upon administration of the actuator CNO, resulting
in an attenuated stopping response compared to controls. Our results suggest a novel
role for the PPnT in this circuit, which can be linked to previous work showing the PPnT
to have a function in multimodal sensory, striatal, and limbic systems.

4.2 Evidence of afferent and efferent projections of the PPnT

To our knowledge, we provide novel evidence here for afferent connections of the PPnT
in the mouse using retrograde viral tracing in a reporter mouse line. Our results suggest
that inputs to this group of nuclei arrive from across the cortex, midbrain, and limbic
system with labeled regions exhibiting high correspondence to inputs identified in rat
tracing studies. To get an indication of efferent projections from the PPnT, we examined
mCherry-labeled axon terminals from the PPnT in mice in the behavior study and found
labeling across the cortex, limbic system, and midbrain as well. Here, we first position
our tracing study in the context of previous literature and then discuss how these
pathways correlate to putative functions of the PPnT.
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4,2.1 Afferent connections

Projections to the PPnT are foremost described to originate from multiple sensory
systems, namely the visual, auditory, and somatosensory systems with inputs arriving
from the superior colliculus (Linke, 1999; Hicks et al., 1986; Tanaka et al., 1985), the
external cortex of the inferior colliculus (Linke, 1999; LeDoux et al., 1985; Yasui et al.,
1990), spinal trigeminal nucleus (Peschanski, 1984), and across the temporal
association, auditory, and insular cortex (Linke and Schwegler, 2000; Hicks et al., 1986;
Yasui et al., 1990). Within the superior colliculus, optic and intermediate layers project
to the SGN in the rat and cat, while deep layers project to the rat PIL (Linke, 1999;
Hicks et al., 1986; Tanaka et al., 1985). Projections to the PAG have been observed in
the rat and cat (Kincheski et al., 2012; Hicks et al., 1986), and retrograde labeling also
revealed afferent connections in the ZI, VMH, and pontine reticular nucleus in the
cat (Hicks et al., 1986). In our study in the mouse, we observed labeling in the superior
colliculus, inferior colliculus, spinal trigeminal nucleus, auditory cortex, ZI, VMH, and
across the pons (Figure 11). As our results are highly consistent with literature on rats
and cats, these afferent projections are likely valid in mice

Many of these regions are widely associated with innate defensive behavior, securing a
place for the PPnT in the discussion of innate behavior in mice. For example, a host of
literature describes the dorsolateral PAG (dIPAG) as playing a fundamental role in risk
assessment and mediation of flight and freezing behaviors (Deng et al., 2016; Assareh
et al., 2016; Vianna and Brandao, 2003; Bittencourt et al., 2004). It has been suggested
that fear learning due to dIPAG stimulation in rats is mediated in part by its outputs to
the SGN and subparafascicular nucleus of the thalamus (SPF), a region adjacent to the
PPnT (Kincheski et al., 2012; Silva et al., 2016). The hypothalamus has recently become
a focus in innately-driven behavior, and optogenetic stimulation of the VMH induces
flight and freezing in a circuit that bypasses the amygdala (Kunwar et al., 2015). In
terms of sensory input, stimulation of the projection from the auditory cortex to the
inferior colliculus causes freezing (Xiong et al., 2015), and auditory-induced flight is
facilitated by somatosensory input in mice, which is mediated by a projection of PV+
cells from the ZI to the thalamus (Wang et al., 2019). The integration of sensory
modalities can influence behavioral output, and the PPnT circuit in question could be a
prime example of that.

4.2.2 Efferent connections

Efferent pathways from the PPnT are known to target the limbic system, basal ganglia,
midbrain, and cortex in the rat. Within the limbic system, projections have been
recorded in the lateral, basomedial, and medial portion of the central amygdalar nuclei
as well as the VMH (Namura et al., 1997; Linke et al., 2000; LeDoux et al., 1984;
LeDoux et al., 1985). In the basal ganglia, the tail of the CPu and the globus pallidus
receive PPnT projections (Moriizumi and Hattori, 1992; Shammah-Lagnado et al., 1996;
LeDoux et al., 1985; Arnault and Roger, 1990). Midbrain targets include the external
cortex of the inferior colliculus (Senatorov and Hu, 2002; Winer et al., 2002; Arnault and
Roger, 1990), deep superior colliculus and PAG (Arnault and Roger, 1990). In the cortex,
projections from the PPnT target the temporal cortical areas (Namura et al., 1997;
Arnault and Roger, 1990). In the mouse, tracing studies have identified the lateral
amygdala and auditory cortex as outputs of the PPnT and adjacent medial portion of the
medial geniculate complex (MGm; Keifer et al., 2015; Asede et al., 2015).
Hypothalamus, CPu and midbrain projections are also noted in a general sense (Keifer et



29 Dani Lemmon

al., 2015). Our observations are consistent with these prior studies. We noted labeling in
the following corresponding regions: auditory and temporal association areas, lateral
amygdala, inferior colliculus, superior colliculus, and dIPAG (Figure S6).

It is of interest that there is considerable overlap between regions identified by
retrograde and anterograde analysis. This suggests some reciprocal connections, such as
the SGN-superior colliculus bilateral reciprocal connection previously described (Tanaka
et al., 1985). As discussed above, many of these brain regions are considered imperative
to the innate threat response system of rodents. Of note, in our study the retrosplenial
cortex and temporal association areas were uniquely observed in the anterograde
direction. The retrosplenial and anterior cingulate cortical areas are thought to play a
role in contextual fear learning (LeDoux, 2000; Maren, 2011; Maren, 2001) and innate
defensive behaviors (Jhang et al., 2018; Mongeau et al., 2003; Silva et al., 2016). The
PPNnT appears to be in an ideal position to combine information from sensory modalities
and prior risk assessment to influence future decisions.

4,2.3 Where does the PPnT fit into the NTSR collicular circuit?

How do signals reach the PPnT from the LP? How does the PPnT integrate information
from multiple sensory systems to influence and update motor output? These details
remain unclear. However, based on our tracing results, which are supported by
established research, we explore several possibilities. We know that wide-field neurons
directly course from the superficial superior colliculus to the LP. The PPnT is also known
to receive input from the superior colliculus in the rat and cat, and we observed
retrograde labeling here as well. Thus, it is possible that there are local interactions
between wide-field neurons and other sub-populations of cell types in the optic layer of
the colliculus. Previous literature argues that NTSR collaterals do not exist within the
colliculus, so this possibility is unlikely (Gale and Murphy, 2018). This would, however,
be the fastest, direct pathway for NTSR neurons to interact with the PPnT and cannot yet
be ruled out entirely.

We can also consider a place for the PPnT downstream from the LP and its immediate
outputs. The LP provides direct output to the VISpor, and our tracing results suggest
that the PPnT receives inputs from the VISpor. We also observed retrograde labeling in
the central amygdala, suggesting efferent projections from this region to the PPnT. The
central amygdala receives projections from the lateral amygdala, which receives outputs
directly from the LP (Wei et al., 2015). The central amygdala is thought to play a role in
mediating freezing behavior (Keifer et al., 2015a; LeDoux, 2000). Thus, a SC-LP-VISpor-
PPNnT or SC-LP-LA-CeA-PPnT circuit is a very viable possibility.

The amygdala is known to project to the hypothalamus and PAG (Roseberry and
Kreitzer, 2017; Silva et al., 2016), and we observed retrograde labeling from the PPnT in
both the hypothalamus and PAG. Due to dense retrograde labeling in the PAG in our
study, we also suggest the possibility of a SC-LP-AMY-PAG-PPnT-SC pathway. The PAG
has been proposed to act as a decision-maker based on integration of all the signals it
receives and an overall risk assessment (Deng et al., 2016). It is not implausible that
information about the decision travels back to the thalamus, to the PPnT, to update
information for future decisions. Information from the PAG could then combine with
sensory input to the PPnT. The PPnT could act as a sort of regulatory loop in this sense,
projecting back to the major sensory systems and updating them based on the
information received. In the case of the collicular circuit at hand, we suggest that the
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PPnT acts as an intermediary relay to superior colliculus, transmitting updated, relevant
information about a stimulus and thereby modifying collicular output.

4.3 Putative roles of the PPnT

The correspondence between tracing studies in the rat and cat and our present results
suggests functional homology as well, and we explore the putative roles of the PPnT in
the sensory, limbic, and striatal systems below.

4.3.1 Rolein binding polymodal stimuli

Consistent with its multimodal sensory inputs and outputs, the PPnT are considered to
have a polymodal function as a whole (Wepsic, 1966). Interestingly, previous work has
shown that some subsets of neurons within the nuclei can be activated by a single
modality of input (visual, auditory, or somatosensory; Linke, 1999; Linke et al., 2000;
Hicks et al., 1986; Hicks et al., 1984; Benedek et al., 1997; Bordi and LeDoux, 1994;
Bordi and LeDoux, 1994). Neurons in the SGN show visual response properties in
cats (Hicks et al., 1984; Krupa et al., 1984), and populations with auditory and
somatosensory responses were found in the MGm, PIL, and SGN in single-unit
recordings (Bordi and LeDoux, 1994; Bordi and LeDoux, 1994). The lateral portion of the
SPF is thought to receive converging auditory and nociceptive inputs (Coolen et al.,
2003). Direct involvement of the PPnT in feedback regulation of incoming acoustic
signals has been suggested based on evidence of a direct reciprocal connection between
the inferior colliculus and PPnT (Senatorov and Hu, 2002).

Based on its inputs from multiple modalities, it follows that the PPnT could play a role in
binding of sensory information. Thalamocortical cells in the medial geniculate and PPnT
are thought to engage multiple cortical areas at once to integrate sensory
information (Jones, 1998; Jones, 1998). These nuclei also activate high-frequency 40 Hz
gamma oscillations in the auditory cortex (Barth and MacDonald, 1996; Sukov and
Barth, 2001) which are thought to be required for temporal binding of sensory stimuli.
The suggested purpose of this sensory integration in the PPnT is to provide input to the
amygdala (Linke et al., 1999; Linke et al., 2000).

4.3.2 Rolein emotional arousal and conditioned learning

Study of the amygdalar projection from the PPnT provides evidence for its role in
emotional arousal and conditioned responses. This projection is thought to induce quick
arousal and attention due to emotional events (Wilhelmi et al., 2001). Lesions to the
PPnT as well as selective destruction of PPnT-innervated neurons in the central and
lateral amygdala in rats blocked conditioned responses to acoustic stimuli (LeDoux et al.,
1984; Iwata et al., 1986). As further support for the PPnT’s role in learning, some cells
within the PPnT possess the SK type calcium-activated potassium channel, which has
been implicated in long-term potentiation in the cortex (Ryugo and Weinberger, 1978;
Gerren and Weinberger, 1983; McEchron et al., 1996). The PPnT thus appear to be in a
position to activate the amygdala and thereby influence the flow of information from
cortex to amygdala.
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4.3.3 Rolein sensory-guided decision making

The PPnT projection to the striatum has been implicated in sensory-guided, reward-
driven decision making (Hunnicutt et al., 2016; Arnault and Roger, 1987; LeDoux et al.,
1991; Doron and Ledoux, 1999; Guo et al., 2018). Generally speaking, the striatum has
been linked to visual selection and attention, as well as visuomotor and auditory
processes (Basso and May, 2017; Krauzlis et al., 2014; McHaffie et al., 2006). It has
been suggested that action termination following goal completion is mediated by the
basal ganglia (Roseberry and Kreitzer, 2017). Recently, the striatal projection from the
PPnT was suggested to act as a gain controller and to convey information about the
timing of acoustic events (Ponvert and Jaramillo, 2019; Chen et al., 2019). It is
particularly interesting that downstream activity was also identified in the tail of the CPu
in fUSi recordings during NTSR collicular stimluation. This region’s precise contribution to
the collicular stopping behavior remains to be explored.

4.3.4 Suggested role in prevention of behavioral adaptation

Our results suggest that the PPnT also play a role in mediating innate behavior, more
specifically in preventing behavioral adaptation to a stimulus. We are only beginning to
understand the complex circuits and stimuli that induce innate behaviors. In the present
study, we focus on a collicular-driven stopping behavior, which is akin to the startle-
induced behavioral arrest observed when an animal is surprised by bright light or loud
noise (Roseberry and Kreitzer, 2017). This rapid shift in attention and locomotion allows
the animal to stop and survey the environment. We propose that the PPnT prevents
habituation to stimuli inducing this behavior, ensuring that these innate responses to
potential threats persist over repeated presentations of a stimulus. This has an
evolutionary advantage, as ignoring repeated but relevant signs of a threat could be
lethal. When we inhibit the PPnT, and more specifically the POL and PoT, we see an
acceleration of this process of habituation. Without the PPnT, and in the absence of
reinforcement, the innate reaction to the largely-neutral optogenetic stimulus is lost
quickly. In normal functioning then, the PPnT does not allow a surprising stimulus to
pass by unnoticed. The PPnT has been suggested to modify synaptic efficacy in the
amygdala (McEchron et al., 1995) in the context of associative learning in auditory fear
conditioning and fear extinction (Iwata et al., 1986; LeDoux et al., 1986; LeDoux et al.,
1988; Romanski and LeDoux, 1992). We suggest that the PPnT could produce a similar
modulatory effect in the amygdala in the collicular circuit, preventing habituation to
unexpected stimuli based on its appraisal of information from the visual system.
Examining our results in the context of previous research, we propose that the PPnT
plays a vital role in conditioned and innate defensive behaviors involving multiple
sensory systems.

4.4 Confirmation that wide-field neuron stimulation is suffi-
cient to induce stopping

To confirm that targeted stimulation of wide-field neurons alone is sufficient to induce
stopping, we injected AAV-ChR2 directly into the superior colliculus of NTSR1-Cre mice
and compared their stopping behavior with that of Cre-negative NTSR x ChR2, and thus
non-ChR2-expressing, controls. We found that optogenetic stimulation of ChR2-
expressing wide-field neuron populations reliably induced stopping in NTSR1-Cre mice.
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Our findings confirm that the stopping behavior we see in NTSR x ChR2 mice, which
express ChR2 in all NTSR-positive neurons, is not solely due to non-specific stimulation
of passing fibers or axon terminals of collicular inputs. In comparison to stopping
episodes in NTSR x ChR2, the NTSR1-Cre mice tended to stop with less consistency, with
episodes of shorter length. We propose that the number of excited cells determines the
level of the response. Alternatively, it is possible that stimulation of collicular inputs in
NTSR x ChR2 mice could augment the stopping effect. We also show that the behavioral
attenuation resulting from chemogenetic PPnT inhibition is comparable in NTSR1-Cre and
NTSR x ChR2 mice, confirming that outputs of wide-field neurons are implicated in the
modified behavior.

The projection from the colliculus to the LP has garnered significant interest over recent
years. Stimulation of CAMKII glutamatergic neurons from the intermediate layers of the
medial superior colliculus induced innate, long-lasting freezing behavior as did
stimulation of the colliculus-LP projection directly (Wei et al., 2015). A later study
showed that selective activation of the colliculus-LP projection of PV+ neurons or
activation of glutamatergic LP neurons invoked freezing, with the conclusion that
glutamatergic PV+ neurons mediate this response (Shang et al., 2018). Here we show
that stimulating wide-field neurons in the colliculus, which project to the LP alone,
induces stopping episodes of shorter duration than freezing responses mediated by PV+
neurons. Similar episodes of temporary arrest have been induced by brief flashes of light
and optogenetic stimulation of colliculus-projecting neurons in primary visual
cortex (Liang et al., 2015), but it is not clear if and how wide-field neurons are a part of
the same response. Recent work showing that wide-field neurons are necessary for rapid
detection of prey (Hoy et al., 2019) supports the notion that these cells play a role in
rapid detection of potential threats as well, inducing a winner-takes-all shift in attention
leading to locomotive arrest to ensure proper environmental surveillance.

4.5 Technical considerations

Optogenetic and chemogenetic tools allow for targeted control of specific neuronal
populations with high spatiotemporal specificity. There remain several caveats to keep in
mind. In the present study, we use optogenetic stimulation as a proxy for visual
stimulation. It is important to note that the precise role of wide-field neurons in natural
visual behavior is still unknown. To approximate natural visual stimuli, we stimulated the
superior colliculus at 20 Hz, the frequency observed to correlate to firing rates of natural
visual responses in the colliculus (Wei et al., 2015). Additionally, it was recently
confirmed in electrophysiological recordings that the PPnT is activated both by
optogenetic stimulation of NTSR collicular neurons and visual stimuli (Sans-Dublanc et
al., 2020). We use low laser power (0.2 mW) to avoid tissue heating from light delivery.
Several implicit challenges in optogenetic studies remain, such as the invasiveness of
fiber implantation and differential opsin expression between cells. To address these, we
applied an angled implantation strategy and verified ChR2 expression histologically.
Directly manipulating collicular circuits with optogenetics allows us to identify cause and
effect relationships within these circuits and moves us closer to the ultimate goal of
precisely explaining these circuits in a natural context.

The present study relies on unilateral inhibition of the PPnT. While immediate defensive
responses are thought to be mediated mainly by ipsilateral pathways, the information is
likely to spread to both hemispheres with consequent bilateral regulation. Therefore, we
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posit that bilateral inhibition of the PPnT could have resulted in a stronger effect on
behavior.

An important consideration for DREADD-mediated neural modulation with CNO is the
potential for non-specific effects of CNO and its metabolite clozapine (Mahler and Aston-
Jones, 2018; Gomez et al., 2017; Manvich et al., 2018). To control for potential off-
target effects of CNO/clozapine, we administered CNO to a control group of non-
DREADD-expressing animals. The control group was injected into the PPnT with an AAV
carrying the gene for YFP as a reporter. Thus, DREADD and non-DREADD expressing
animals underwent identical surgical treatment, behavioral testing, and CNO
administration. Using this control confirms that the behavioral modifications we observed
in DREADD animals were due to inhibition of the PPnT, and not due to non-specific
binding of CNO on endogenous receptors. Reverse metabolism of CNO to clozapine
reaches its peak at 2-3 hours after i.p. administration (Gomez et al., 2017), so we began
our behavioral tests 30-40 minutes after CNO administration when clozapine levels are
very low (7.4% clozapine to CNO ratio)(Manvich et al., 2018). We separated behavioral
sessions by at least 48 hours to allow for clearance of the drug.

We recognize that using viral injections for gene delivery can introduce variability due to
differences in diffusion, transfection, and expression from one injection to the next. This
variability can be difficult to control for, which underscores the importance of histological
analysis for accurate correlation with behavior. In our study, we aligned coronal sections
of AAV-hM4D injections to the Allen Mouse Brain Atlas in order to have an accurate
representation of the spread of the virus in each animal.

4.6 Future directions

Our identification of the PPnT as a part of the NTSR collicular downstream pathway
presents exciting new directions of study. Looking forward, targeted AAV-hM4D
injections of small quantities to specific nuclei of the PPnT could help elucidate the
specific contributions of each nucleus, particularly the POL and PoT, to mediating
stopping behavior. In this same thread, small, targeted injections of retrograde and
anterograde tracers in each nucleus could clarify the picture of the complex circuitry
involving this brain region. Single nuclei of the PPnT in rats are known to project
differentially to cortical regions that transmit sensory information to the amygdala and
hippocampus (Linke et al., 2000), so we could expect a similar pattern based on the
correspondence of our tracing study with research in rats. It would also be interesting to
inhibit the PPnT in a context of prey detection, as wide-field neurons are known to play
an important part in this process. Another direction could involve a closer look at the
auditory and somatosensory input to the PPnT. To understand collicular stopping
behavior beyond the PPnT, future research could also involve an examination of the role
of the VISpor and tail of the CPu in mediating stopping behavior, as these regions were
also active in fUSi recordings during optogenetic stimulation of NTSR collicular neurons.

4.7 Conclusion

In conclusion, we show here that the PPnT modulates the rate of habituation to repeated
stimulation of NTSR neurons in the superior colliculus, suppressing behavioral adaptation
to potentially harmful stimuli. This study uncovers a novel place for the PPnT in this
collicular circuit and in the study of visually-guided defensive behavior in general. As has
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been shown here, efforts to understand circuits in mice and other small mammals could
benefit greatly from using novel whole-brain imaging techniques to identify functional
nodes and then directly manipulate them. We also give a first approximation here of the
inputs to the PPnT in a mouse model. For the first time, we show that the PPnT is
involved in innate behaviors and not only conditioned fear responses. Are there separate
pathways for innate and conditioned fear circuits that project through the PPnT? Do they
partially overlap, or are they completely independent? What are their specific functional
contributions? Answering questions like these will ultimately bring us closer to
understanding function and dysfunction in homologous circuits in humans.
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Appendix A |

Table S1. Video links and descriptions

Link

Related
Figure

Description

Video S1

Video S2

Video S3

Video S4

Video S5

Figure 6

Figure 7

Figure 7

Figure 9

Figure 10

DeepLabCut labeled markers. Video clip showing labeled
markers (nose, ears, tail base, and tail end) assigned by
DeeplLabCut software. Tail base marker was used for speed
extraction.

Session 1: Mice display consistent stopping behavior
during early and late trials. Video compilation of Session 1
open-field testing for a mouse expressing hM4D in the PPnT
(n=1) and a YFP-expressing control (n=1). Saline was injected
in this session. One early and one late trial is shown for each
mouse. Early trials were taken from among first three
stimulation trials, and late trials were taken from final three
stimulation trials. The text "STIM" appears in the bottom right
corner to indicate the 1 second optogenetic stimulation.
Session 2: Inhibition of the PPnT facilitates habituation to
stimulation of Ntsr+ neurons. Video compilation of Session 2
open-field testing for a mouse expressing hM4D in the PPnT
(n=1) and a YFP-expressing control (n=1). CNO was injected in
this session to inhibit the PPnT in hM4D-expressing mice. One
early and one late trial is shown for each mouse. Early trials
were taken from among first three stimulation trials, and late
trials were taken from final three stimulation trials. The text
"STIM" appears in the bottom right corner to indicate the 1
second optogenetic stimulation.

Stimulation of wide-field neurons is sufficient to elicit
stopping behavior. Video compilation of open-field testing for
an Ntsr1-Cre mouse injected with AAV-ChR2 in the superior
colliculus for targeted stimulation of wide-field neurons (n=1)
and one Cre negative control (n=1). The text "STIM" appears in
the bottom right corner to indicate the 1 second optogenetic
stimulation.

Ntsr1-Cre mice display behavioral trends comparable to
Ntsr x ChR2 mice upon PPnT inhibition. Video compilation
from open field testing for an Ntsr1-Cre mouse (n=1) expressing
ChR2 in wide-field neurons and hM4D in the PPnT. In Session 1,
mouse was injected with saline, and in Session 2 mouse was
injected with CNO to inhibit the PPnT. The text "STIM" appears
in bottom right corner during the 1 second optogenetic
stimulation.



https://youtu.be/44oGCYXwFw8
https://youtu.be/0crCkJFV9Xo
https://youtu.be/DMlu-z0uqfQ
https://youtu.be/wn0G_Vvu8J0
https://youtu.be/9WCTzDoSDzA
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Appendix B | Supplementary Figures
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FIGURE S1 | PPnT inhibition facilitates habituation to stimulation of NTSR col-
licular neurons. A. Heatmaps showing speed over time for NTSR x Chr2 AAV-hM4D mice (top
row, n=17) and AAV-YFP controls (bottom row, n=7) during the 1 s stimulation for all five ses-
sions. Each row is a single trial, and trials belonging to a single animal are indicated by the vertical
black lines on the left of the plot. Blue rectangle (bottom) indicates when laser was on, and verti-
cal white lines show stimulus onset and offset. B. Top row, median speed over time of all hM4D
(blue) and control (gray) mice for all 5 sessions, zoomed in on the 1 s stimulation. Bottom row,
mean absolute deviation (MAD) in speeds across trials for hM4D (blue) and CTRL (gray) animals,
zoomed in on the 1 s stimulation. A-B. Red box indicates plots where PPnT is inhibited in hM4D
mice. C. Paired comparison of difference in stopping probability between Session 1 (saline) and
Session 2 (CNO) for hM4D (blue, n=17; Wilcoxon signed-rank test; P=0.0004) and CTRL animals
(gray, n=7; P=0.063). D. Correlation of stopping probability in Session 2 (when CNO was adminis-
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tered) and the number of trials in Session 1 and 2 combined for hM4D (blue, n=17) and CTRL
(gray, n=7) animals (Pearson correlation coefficient; r = -0.241). E. Comparison of stopping prob-
ability in Session 2 (CNO) for male (n=8) and female mice (n=9) in the hM4D group (Mann-Whit-
ney U test; P=0.180). *** P < 0.001
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FIGURE S2 | Optic fiber placements of hM4D-expressing mice. Coronal sections of
mice in hM4D group (n=17) showing AP position of the fiber tip for each animal. Animal numbers
(top left corner of each image) correspond to the numbered images in Fig S3. Animals are num-
bered based on stopping probability in Session 2, in which CNO was administered, with 1 being the
animal with the lowest stopping probability (0.27) and 17 being the animal with the highest (1.0).
Scale bar, 1 mm.
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FIGURE S3 | Center of hM4D expression. A. Coronal sections aligned to the Allen Refer-
ence Atlas showing the center of AAV-hM4D expression for each animal on the AP plane (n=17).
Animal numbers (top left corner of each image) correspond to the humbered fiber images in Figure
S2. Animals are numbered based on stopping probability in Session 2, in which CNO was adminis-
tered, with 1 being the animal with the lowest stopping probability (0.27) and 17 being the animal
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with the highest (1.0). Scale bar, 1 mm. B. Stopping probability of AAV-hM4D mice with and with-
out expression in the dentate gyrus (DG, left) and superior colliculus, motor related areas (SCm,
right). Box plots indicate median and IQR. Significance was tested using Mann-Whitney U-test (al-
pha = 0.05).

FIGURE S4 | Histological validation for AAV-YFP controls. A. Coronal sections,
aligned to the Allen Reference Atlas, showing center of AAV-YFP expression in control mice, one
image per mouse (n=7). Scale bar, 1 mm. B. Coronal sections showing AP position of fiber tip, one
image per mouse (n=7). Scale bar, 1 mm. Order of animals in panel A corresponds to order in B.
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FIGURE S5 | Histological validation for NTSR1-Cre mice. A. Coronal sections showing
AAV-hM4D expression in NTSR1-Cre mice, one image per mouse (n=4). B. Coronal sections show-
ing ChR2 expression aligned with fiber tip in NTSR1-Cre responsive mice, one image per mouse
(n=4). Order of animals in panel A corresponds to B. C. Coronal sections showing little to no ChR2
aligned with fiber tip in NTSR1-Cre non-responsive mice (n=12). Scale bar, 1 mm.
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FIGURE S6 | Examination of m-Cherry expression in axon terminals of mouse
expressing AAV-hM4D (n=1) suggests various PPnT targets. A. Cortical targets: TEa
temporal association area, AUDp posterior auditory area, AUDv ventral auditory area, ECT ectorhi-
nal cortex, RSPv ventral retrosplenial cortex. B. Midbrain targets: sSC superficial superior collicu-
lus, IC inferior colliculus, PAG periaqueductal gray, CUN cuneiform nucleus. C. Limbic system tar-
gets: ZI zona incerta, RT reticular nucleus of thalamus, LA lateral amygdalar complex. D. Thalamic
targets: CM central medial n., IAM interanteromedial nucleus, RH rhomboid nucleus, RE reuniens

nucleus, AMd anteromedial nucleus dorsal part, AMv anteromedial nucleus ventral part. Scale bar,
500 pm.
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