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Hindbrain modules differentially transform activity of single
collicular neurons to coordinate movements

Sebastian H. Zahler}:2T David E. Taylorl2T, Brennan S. Wright!2, Joey Y. Wong?, Varvara
A. Shvareval, Yusol A. Park!, Evan H. Feinbergl:2:3.4."
1Department of Anatomy, University of California San Francisco; San Francisco, CA, USA 94143.
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USA 94143.

Summary

Seemingly simple behaviors such as swatting a mosquito or glancing at a signpost involve the
precise coordination of multiple body parts. Neural control of coordinated movements is widely
thought to entail transforming a desired overall displacement into displacements for each body
part. Here we reveal a different logic implemented in the mouse gaze system. Stimulating superior
colliculus (SC) elicits head movements with stereotyped displacements but eye movements with
stereotyped endpoints. This is achieved by individual SC neurons whose branched axons innervate
modules in medulla and pons that drive head movements with stereotyped displacements and eye
movements with stereotyped endpoints, respectively. Thus, single neurons specify a mixture of
endpoints and displacements for different body parts, not overall displacement, with displacements
for different body parts computed at distinct anatomical stages. Our study establishes an approach
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for unraveling motor hierarchies and identifies a logic for coordinating movements and the
resulting pose.

In Brief

Collicular projection neurons coordinate eye movement endpoint and head movement
displacement by innervating specialized populations in pons and medulla, respectively.

Graphical Abstract

A modular hindbrain architecture supports
the coordination of multiple body parts by
single superior colliculus (SC) neurons
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Hindbrain modules transform SC activity into
different parameters for the head and eyes

Introduction

Most behaviors involve moving multiple body parts. For example turning to identify the
friend calling your name involves head and eye movements. Each body part has its own
range of mation and can be positioned independently of the others. As a result, each body
part may travel a different direction and distance (i.e., displacement) during a coordinated
movement. How, then, does the brain determine the displacements for individual body parts
during a coordinated movement?

It is widely believed that the brain achieves coordination through a hierarchical series of
computations implemented within an anatomical hierarchy. In this view, neurons atop the
hierarchy specify higher-level parameters such as the desired overall displacement, whereas
neurons at lower levels decompose these higher-level parameters into displacements for each
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body part!=4. Consistent with this model, stimulating brain areas or genetically defined cell
types atop the anatomical hierarchy can evoke coordinated movements involving multiple
body parts (e.g., grooming or bringing the hand to the mouth as though eating), whereas
stimulating neurons at the bottom of the anatomical hierarchy can evoke stereotyped
displacements of a particular body part>=13. However, little is known about where and
how these hierarchical computations are instantiated within anatomical hierarchiesl4-16,
In addition, these hierarchical frameworks have been studied primarily in the context of
volitional behaviors such as trained reaching, but animals coordinate multiple body parts
during innate, reflexive behaviors such as grooming, gaze shifts, avoidance, foraging,

and escape as well11:17-22 Whether the computations hypothesized to underlie volitional
behaviors apply to all coordinated movements is unknown.

Resolving how motor hierarchies in the brain transform higher-order movement plans

into specific commands for individual body parts will require a stepwise, systematic
interrogation of these circuits. Many studies have postulated that upper motor neurons in
regions such as motor cortex and superior colliculus (SC) are key players in this process.
Upper motor neurons connect higher centers to controllers in brainstem and spinal cord, and
the axons of single upper motor neurons often collateralize to multiple areas!3.19.31-34.23-30
These anatomical data suggest a mechanism whereby individual upper motor neurons carry
signals used to coordinate multiple body parts23. For example, in the gaze system, it is
widely believed that the higher-order parameter specified by upper motor neurons in SC is
overall displacement (i.e., the sum of how far the head and eyes move)35-38, |t is debated,
however, where and how the desired overall displacement transforms into component head
and eye displacements35:37:38,

Here, we dissect the motor hierarchy controlling gaze shifts in the mouse. Our initial
experiments unexpectedly revealed that mouse SC upper motor neurons do not specify the
overall gaze displacement. Instead, their activity specifies the displacement for the head
but only the endpoint for the eyes. In this sense, SC neurons multiplex displacements

and endpoints for different body parts. Single SC upper motor neurons innervate two
separate hindbrain populations that drive head movements with fixed displacements and
eye movements with fixed endpoints, respectively. Neural recordings showed that head
displacement information emerges in SC, whereas saccade information does not emerge
until the hindbrain. Our study thus reveals that overall displacements are not computed at
any anatomical stage within the mouse gaze hierarchy, and that displacements for different
body parts are computed independently and at distinct anatomical stages, thereby uncovering
unexpected diversity in mechanisms of coordinated movements.

Mouse SC specifies head displacement and saccade endpoint but not overall gaze
displacement

Superior colliculus (SC) controls orienting head and eye movements in a wide range of
species, and stimulating SC elicits head and eye movements resembling those observed
during sensory-guided gaze shifts19:31:39-41 Wk investigated head and eye movements

driven by optogenetic stimulation of right SC in freely moving animals, focusing on the
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horizontal axis, in which movements were largest (Figure 1A-C, Figure STA-E)*245, In
primates and cats, it is believed that SC issues a gaze displacement command because
stimulation of a single site elicits the same overall gaze displacement regardless of

initial gaze direction38, To determine whether this is the case in mice, we examined the
relationship between initial gaze direction and SC-evoked gaze displacement. Unexpectedly,
SC stimulation evoked gaze shifts whose displacements depended on initial gaze direction
(Figure 1D, E, H, I). Gaze displacement showed no dependence on initial head position but
a strong dependence on initial eye position (Figure 1F-I). Together, these data suggest that
mouse SC does not issue a fixed gaze displacement command.

We examined the head and eye components of SC-evoked movements to determine the
basis for the eye position-dependence of gaze displacements (Figure 1J-U). Consistent with
a previous report, right SC-evoked head movements had stereotyped displacements, i.e.
leftward (contraversive) head movements that showed little dependence on initial head-body
angle or the initial orbital positions of the eyes (Figure 1J, L, N, O)31. Moreover, head
displacements were nearly invariant to the initial orbital positions of the eyes (Figure

1J-0, Figure S1J, K). In contrast, the rapid eye movements (saccades) evoked by SC
stimulation displayed highly variable displacements but stereotyped endpoints (Figure 1P).
This unexpected variability in saccade displacements was largely explained by initial eye
position relative to the saccade endpoint (Figure 1S-U, Figure 1SJ, K). Interestingly,
saccade probability showed a similar dependence on initial eye position such that saccades
were likeliest when the eyes began far from the endpoint (Figure S1F, L, M). In contrast,
initial head-body angle had little impact on saccade displacement (Figure 1R, T, U; Figure
S1G). Thus, mouse SC drives head movements with stereotyped displacements and saccades
with stereotyped endpoints, such that SC-evoked gaze displacement varies according to the
initial position of the eyes.

To determine whether the stereotyped saccade endpoints observed during SC stimulation
were due to the mechanical properties of the mouse oculomotor system, e.g., the elasticity of
the extraocular muscles, we activated abducens motor neurons, which innervate the muscle
that rotates the eye away from center (Figure SIN, 0)*6:47, Abducens stimulation caused
movements of the ipsilateral eye with stereotyped displacements invariant to initial eye
position, indicating that the effects of SC stimulation cannot be explained by the mechanical
properties of the eye (Figure S1P-U).

Mouse SC comprises topographic maps of head displacement and saccade
endpoint—Previous studies in mice demonstrated that SC-evoked head and eye
movements depend on the site of stimulation within SC31:48, However, these studies did not
examine the effects of initial eye position and therefore could not determine what movement
parameters were represented topographically within this map. To facilitate comparisons
with existing literature and to isolate SC-mediated eye movements from compensatory

eye movements resulting from the vestibular ocular reflex (VOR), we performed electrical
microstimulation at different sites within SC of head-fixed mice while monitoring the eyes
and attempted head rotations (Figure 2A, Figure S2A, B)41:4248,
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Consistent with previous studies, stimulating right SC evoked exclusively leftward
(contraversive) attempted head movements that were larger for more posterior stimulation
sites (Figure 2B, D, Figure S2G-H) (head displacement, shanks 1-4: -0.98 + 0.42 Z, -1.42
+0.39Z,-1.86 £ 0.39 Z, —2.20 + 0.43 Z [mean + 5.d.]; R2 = 0.56, p < 107, n = 9 mice,
linear regression). In addition, attempted head displacements were invariant to initial eye
position, consistent with our findings in freely moving animals (Figure 2G, Figure S2C,
D). In contrast to head movements, saccade displacements did not depend on the site of
stimulation (Figure 2C, 2E) (saccade displacements, shanks 1-4: —6.9 + 3.3°, -7.1 £ 2.1°,
-8.4+2.2° -8.2 + 2.3° [mean £ s.d.]; R2 = 0.05, p = 0.18, n = 9 mice, linear regression).
Strikingly, however, saccade endpoints depended on the site of stimulation, becoming more
contralateral for more posterior stimulation sites (saccade endpoints, shanks 1-4: -1.8 +
2.0°,-3.1+2.0° -5.6 £ 1.7°, -6.0 + 2.7° [mean = s.d.]; R = 0.37, p < 1074, n = 9 mice,
linear regression) (Figure 2C, F). As in freely moving mice, saccade endpoints were more
stereotyped because of the strong dependence of saccade displacement and probability on
initial eye position (Figure 2G, H, Figure S2E-J).

To more directly test the hypothesis that SC specifies saccade endpoints rather than
displacements, we trained multinomial logistic regression classifiers to ask whether the

site of stimulation in SC is better predicted by saccade displacements or endpoints (Figure
21, J). Classifier performance using saccade endpoints was well above chance (0.37 =

0.08 vs. 0.25; p = 0.005, n = 9 mice, one-sample Student’s t-test), whereas classifier
performance using saccade displacements was not significantly better than chance (0.26 +
0.03 vs. 0.25; p = 0.09, n = 9 mice, one-sample Student’s t-test) and significantly worse
than performance using saccade endpoint (p = 0.004, two-sample Student’s t-test). Together,
these data indicate that mouse SC contains superimposed maps of head displacements and
saccade endpoints, not overall gaze displacement.

Tectoreticular neurons specify head displacement and saccade endpoint—We
next sought to identify the SC cells that drive these coordinated movements. Previous
studies implicated SC upper motor neurons known as tectoreticular neurons in both head
and eye movements, and bulk-labeled tectoreticular axons innervate multiple target sites

in the contralateral ponto-medullary reticular formation (PMRF)19:31.33:49 To determine
whether tectoreticular neurons drive coordinated head and eye movements in mice, we
optogenetically stimulated SC axons in proximal contralateral PMRF of head-fixed mice,
reasoning that because ChR2-mediated excitation drives both axon terminals and fibers

of passage, this would excite axons arborizing within proximal PMRF as well as axons
targeting more distal areas (Figure 3A)°%1, Indeed, stimulation of tectoreticular axons

in PMRF evoked head and eye movements resembling those evoked by pan-neuronal SC
stimulation (Figure 3B-G, Figure 2B, C). This suggested that tectoreticular populations
drive head and eye movements with stereotyped displacements and endpoints, respectively.

To determine whether tectoreticular neurons are necessary for coordinated head and eye
movements, we inhibited these neurons during an innate behavior wherein tactile stimuli
elicit coupled saccades and attempted head movements closely resembling those elicited
by SC stimulation (Figure 3H-N, Figure 1, Figure 2, Figure 3A-G)*1. Consistent with

our prediction, inhibiting tectoreticular neurons shifted whisker airpuff-evoked movements
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rightward (ipsiversively) for both saccades and attempted head movements (Figure 3P,

Q). Together, these optogenetic gain- and loss-of-function experiments demonstrate that
mouse tectoreticular neurons drive gaze shifts by specifying head displacements and saccade
endpoints.

Tectoreticular neurons encode stimulus location and head displacement—
Next, we sought to understand how tectoreticular neurons encode eye and head movement
commands during touch-evoked eye and attempted head movements. We performed
extracellular electrophysiology in the deep layers of right SC, identifying (“optotagging™)
tectoreticular neurons as those antidromically activated by photostimulating SC axons in left
(contralateral) PMRF (Figure 4A, B, Figure S3A, I-N)52:53, We first examined responses
to airpuff stimulation of the whiskers (Figure 4C). We used whisker airpuffs because

they uncouple head and eye movement directions (whisker airpuffs elicit attempted head
movements predominantly towards the side of the stimulated whiskers but a nearly even
mix of saccade directions) (Figure 31-L). Tectoreticular responses to airpuffs exhibited
two peaks resembling responses previously observed in mouse SC that are thought to
reflect bottom-up input from trigeminal and top-down input from somatosensory cortex,
respectively (Figure 4C, D Figure S3B)>4. Most neurons were bilaterally responsive but
nearly all with significant tuning preferred left (contralateral) (35/53) rather than right
(ipsilateral) whisker airpuffs (1/53) (Figure 4D-E).

Next, we examined motor activity of tectoreticular neurons in SC. Previous studies in

mice identified SC neurons tuned for specific head displacements3. We performed similar
analyses, regressing attempted head displacement against spiking activity for each neuron
(Figure 4G). Consistent with earlier studies, most right tectoreticular neurons preferred
leftward (contraversive) attempted head movements (27/53), whereas no neurons preferred
rightward (ipsiversive) attempted head movements (Figure 4H, Figure S3C)3L. To control for
correlation between airpuff location and attempted head movement direction, we examined
attempted head movement tuning for a single airpuff location and observed similar results,
albeit with fewer significantly tuned neurons because the decreased number of trials reduced
the power of the statistical analyses (Figure S4A-C). Next, we examined tuning for saccade
parameters. For each neuron, we regressed saccade displacement or endpoint location
against spiking activity (Figure 4J, K, M, N). Few tectoreticular neurons showed tuning

for saccade displacement (4/53) or saccade endpoint (5/53), and this small population of
tuned neurons showed no overall bias for leftward versus rightward saccade displacements
(p = 0.63, binomial test) or saccade endpoints to the left or the right of the median (p

=1, binomial test) (Figure 3K, N; Figure S3D, E). Finally, we repeated these analyses

when trial data were aligned to movement onset rather than stimulus onset and analyzed
non-optotagged SC units and observed similar results (Figure S3F-H, Figure S4D, E). These
analyses also found only subtle differences in the laminar distribution of tuned cells in
intermediate and deep SC (Figure S4F-J).

To examine neural population dynamics, we performed targeted dimensionality reduction on
tectoreticular responses pooled across experiments. For each sensory or motor variable, we
estimated a coding dimension (CD) that best separated left and right trials and projected
population activity onto these dimensions. Consistent with our tuning analyses, population
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activity was well-separated for whisker airpuffs and attempted head movements (Figure 4F,
). In contrast, there was no separation in population activity for saccade displacements

or endpoints (Figure 4L, O). Together, these data demonstrate that tectoreticular neurons
encode stimulus location and attempted head displacement, but not saccade displacement or
endpoint, suggesting that saccade tuning emerges downstream of SC.

Distinct brainstem modules drive head movements with stereotyped
displacements and saccades with stereotyped endpoints—Activating
tectoreticular neurons drives head movements with stereotyped displacements and saccades
with stereotyped endpoints, yet we found no evidence that the tectoreticular population
encodes saccade parameters. This suggested that SC specifies head displacement whereas
saccade endpoint and displacement are computed downstream. To better understand the
role of downstream neurons in transforming tectoreticular activity into head and eye
movements, we focused on two areas within PMRF implicated in driving these movements:
gigantocellular nucleus (Gi) and paramedian pontine reticular formation (PPRF)19:55-61,

We asked whether Gi and PPRF are specialized for head and eye movements, as studies

in cats and primates have yielded mixed effects, and this question has not been addressed

in mice82. To achieve selective stimulation, we pursued an anterograde viral approach to
express ChR2 in Gi or PPRF neurons that receive input from SC (Figure 5A, B)%3:64 No
labeled cell bodies were observed in SC, indicating that tectoreticular neurons were not
retrogradely infected (Figure 5A, B). We measured attempted head movements and saccades
evoked by optogenetically stimulating SC-recipient Gi and PPRF neurons. Activation of
SC-recipient Gi neurons elicited attempted head movements but very few saccades, whereas
activation of SC-recipient PPRF neurons elicited conjugate saccades but very few attempted
head movements, indicating that Gi and PPRF represent separate, specialized modules for
the head and eyes, respectively (Figure C, D).

Next, we characterized the displacements and endpoints of movements elicited by
optogenetic stimulation of SC-recipient Gi and PPRF modules. Both Gi-evoked attempted
head movements and PPRF-evoked saccades were exclusively leftward (ipsiversive),
consistent with the stereotypical lateralization of brainstem motor pathways (Figure 5E,

F, K, L). This was also consistent with the uniform directionality of SC-evoked head
movements in freely moving and head-fixed mice, but marked a transition from the mixture
of saccade directions elicited by SC stimulation (Figure 2B-C, Figure 3B-G). Strikingly,
similar to SC-evoked head and eye movements, Gi-evoked attempted head displacements
were nearly invariant to initial eye position, whereas PPRF-evoked saccade displacements
were strongly dependent on initial eye position (variance explained by initial eye position:
0.02 + 0.04 [head] vs. 0.34 + 0.22 [saccade]; mean £ S.D.; p = 0.002, n = 9 per region,
Welch’s t-test) (Figure 5E, F, K, L, M-P). Taken together, these results suggest that

SC innervates independent modules in Gi and PPRF that transform identical excitatory
input into head movements with stereotyped displacements and saccades with stereotyped
endpoints, respectively.
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Individual tectoreticular neurons collateralizing to Gi and PPRF drive both head and eye

movements

Although SC innervates both Gi and PPRF and drives both head and eye movements,
previous experiments could not determine whether single tectoreticular axons collateralize
to both structures or whether separate tectoreticular subpopulations innervate each. To
distinguish between these possibilities, we asked whether neurons projecting to one structure
innervate the other, using a retrograde labeling approach. To avoid labeling fibers of passage,
we injected the more distal structure, Gi, with retrogradely infecting virus encoding Cre,

and we injected SC with a virus encoding a Cre-dependent tdTomato (Figure 6A, C, E).

For comparison, in a separate cohort we injected SC with an AAV encoding a constitutively
expressed tdTomato to provide pan-neuronal labeling (Figure 6B, D, F). In both cohorts,

we observed tdTomato-labeled axon terminals in similar spatial distributions in PPRF and
Gi, including in the areas targeted for optogenetic stimulation of SC-recipient neurons,
indicating that individual tectoreticular axons collateralize to both Gi and PPRF (Figure
6C-F, Figure 5A, B).

We next asked whether tectoreticular neurons that collateralize in PPRF and Gi can drive
both head and eye movements, or whether separate tectoreticular populations are needed
(Figure 6G). To distinguish between these possibilities, we optogenetically stimulated SC
terminals in Gi while blocking antidromically evoked recurrent activity within SC, which
could recruit non-Gi-projecting SC neurons, by injecting TTX into SC (Figure 6H, 1). In

the control condition, stimulating SC terminals in Gi elicited antidromic spiking in SC
(Figure 6J, P, Q) and both attempted head and eye movements similar to those elicited by
SC stimulation (Figure 6K, L, R-T, Figure 1, Figure 2). After TTX injection, stimulating
SC axon terminals did not elicit antidromic spikes in SC (Figure 6M, P, Q) but continued

to evoke attempted head movements and saccades indistinguishable from those evoked in
the control condition (Figure 6N, O, R-T). These data thus indicate that tectoreticular axons
with collaterals in Gi and PPRF are able to evoke both head and eye movements in the
absence of recurrent dynamics or recruitment of additional cells in SC. Taken together, these
anatomical and functional data suggest that individual tectoreticular neurons are able to
drive both head movements with stereotyped displacements and saccades with stereotyped
endpoints by collateralizing to distinct, computationally specialized target populations in Gi
and PPRF.

Gi and PPRF modules execute different computations—The preceding recording,
tracing, and stimulation experiments suggested that Gi and PPRF execute distinct
transformations of tectoreticular activity to determine head displacements and to compute
saccade endpoints and displacements. To test this hypothesis, we performed extracellular
recordings in each structure (Figure 7A, B). Similar to tectoreticular neurons, Gi and PPRF
neurons displayed biphasic responses to whisker stimulation (Figure 7D, Fig 4C, Figure
S6, Figure S7). However, whereas tectoreticular and Gi populations showed similar tuning
preferences for airpuff location (Figure 7E), PPRF neurons as a population were less biased
in their preference for left whisker airpuffs (tectoreticular: 0.66; 35/53; Gi: 0.50; 90/179;
PPRF: 0.41; 120/292; p =0.001 [PPRF vs. tectoreticular]; p = 0.06 [PPRF vs. Gi]; Fisher’s
exact test) (Figure 7E). This was consistent with the behavioral observation that airpuffs
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drive attempted head movements almost exclusively toward the side of the stimulated
whiskers (96 + 5% toward, mean + S.D., n = 9 mice) but bidirectional saccades (54 +
12% toward, mean = S.D., n = 9 mice).

To compare movement-related activity in Gi and PPRF, we regressed attempted head
displacement, saccade displacement, and saccade endpoint against firing rate for each
neuron (Figure 7G, 1, K). As with stimulus side, the population tuning preferences of Gi
neurons resembled those of tectoreticular neurons (Figure 7G, I, K). In contrast, tuning in
PPRF differed significantly from tectoreticular and Gi tuning for head displacement and
saccade displacement, and differed significantly from Gi tuning for saccade endpoint (Figure
7G, I, K). Consistent with the observation that stimulating PPRF drives ipsiversive saccades,
the difference in saccade displacement tuning was due to an increase in the proportion of
PPRF neurons tuned for leftward saccades (PPRF: 0.19; 55/292; tectoreticular: 0.02; 1/53;
Gi: 0.08; 15/179; p = 0.001 [PPRF vs. tectoreticular]; p = 0.002 [PPRF vs. Gil; Fisher’s
exact test). Tuned neurons were enriched in a dorsal portion of the recorded area in PPRF
(Figure S5).

To determine whether saccade tuning was an emergent property of SC-recipient PPRF
neurons, we performed additional recordings in optotagged SC-recipient PPRF neurons
(Figure 7C, Figure S6, Figure S7). We observed different tuning in SC-recipient PPRF
neurons compared to tectoreticular neurons for stimulus location, head displacement,
saccade displacement, and saccade endpoint (Figure 7D-K). The difference in saccade
tuning was due to an increase in the proportion of neurons tuned for saccade endpoints left
of center (tectoreticular: 0.06; 3/53; tagged PPRF: 0.23; 8/35; p = 0.023 [tectoreticular vs.
tagged PPRF]; Fisher’s exact test) and leftward saccade displacements (tectoreticular: 0.02;
1/53; tagged PPRF: 0.20; 7/35; p = 0.006 [tectoreticular vs. tagged PPRF]; Fisher’s exact
test), consistent with a model wherein PPRF neurons transform SC input to compute saccade
parameters. Taken together, these data suggest that Gi and PPRF are independent, dedicated
subcircuits that differentially process SC activity to drive head movements with stereotyped
displacements and saccades with stereotyped endpoints, respectively.

Discussion

Here we investigated the neural mechanisms that underlie coordinated movements. To
address this question, we pursued a systematic approach to interrogate the neural
coordination of mouse gaze. By stimulating and recording at different levels in the mouse
gaze hierarchy, we unexpectedly revealed that no individual stage in this anatomical
hierarchy computes the desired overall displacement. Instead, single upper motor neurons
specify a mixture of head displacements and eye endpoints, with displacements for

different body parts computed independently and at distinct anatomical stages. As such, the
computations within this anatomical hierarchy do not follow a straightforward progression
from higher-order parameters down to the level of individual body parts. The multiplexing
of displacements and endpoints for different body parts by single upper motor neurons in SC
is enabled by dedicated hindbrain modules for each body part. These Gi and PPRF modules
differentially process SC input, transforming identical excitatory drive into head movements
with stereotyped displacements and saccades with stereotyped endpoints, respectively. These
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findings thus broaden the space of conceptual models of movement coordination, revealing a
non-hierarchical computational logic implemented within an anatomical hierarchy.

In primates and cats, SC neurons encode the overall gaze displacement but not necessarily
the individual eye and head displacements3°:37:38.65.66 Although analogous stimulation
studies found that mouse SC harbors topographic head and eye motor maps, it was not
determined what movement parameters (e.g., overall gaze displacement or individual head
and eye displacements) were encoded. There were, however, hints that mice differed from
cats and primates31:48. For example, one study reported the puzzling observation that
sustained (> 250 ms) tectoreticular activation in freely moving mice evoked a series of
stepwise head movements, reminiscent of the saccade “staircase” evoked by sustained SC
microstimulation in head-fixed primates. In contrast, sustained tectoreticular stimulation

in head-fixed mice evoked only a single saccade, not a staircase31:39. By accounting for
initial head and eye position, we determined that the topographic motor maps in mouse

SC correspond to head displacements and saccade endpoints. This result may explain

why sustained mouse tectoreticular stimulation did not elicit saccade staircases: A single
saccade brought the eyes to the endpoint specified by the stimulated SC ensemble3L. Most
importantly, because the saccade displacement needed to reach a given endpoint varies with
initial eye position, our results revealed that mouse SC, unlike cat and primate SC, does not
specify overall gaze displacements (Figure 1).

A potential benefit of stereotyping saccade endpoints is ensuring the eyes return to

the center by anticipating head movements and their associated image-stabilizing VOR

eye movements®’. Such a coding strategy may underlie the widespread yet unexplained
observation in most vertebrate species (i.e., those lacking a high-acuity retinal specialization
such as a fovea, including birds, frogs, mice, and rabbits) that the eyes tend to return to

the orbital centers after gaze shifts, a phenomenon known as recentering#245.67.68 |n this
model, saccades themselves do not recenter the eyes, but instead anticipate and offset the
subsequent head movementevoked slow VOR eye movement, thereby ensuring the eyes
settle in a central final position. This may explain why saccade endpoint eccentricity scales
with anteroposterior location in SC, paralleling head displacement amplitude: larger head
movements elicit larger slow VOR movements that must be offset by more eccentric saccade
endpoints. Together, these results provide a candidate mechanism to explain how mice can
use head movements to shift gaze and saccades to ensure the eyes recenter.

Gaze shifts belong to a large and varied group of complex, reflexive behaviors that involve
coordinated movements of multiple body parts and end in a stereotyped pose, e.g., the hand
or forepaw at the mouth during consummatory behaviors. Other examples include escape,
approach, predation, grooming, courtship, and aggressive behaviors®-11.17.18,23,69-71
Interestingly, many of these behaviors can also be triggered by activating specific subcortical
regions and cell types®10:18.69-71 |n the future, it will be important to determine whether
these movements are coordinated using a strategy similar to that of mouse SC tectoreticular
neurons, i.e., simultaneously specifying a mixture of displacements and endpoints for
different body parts.
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Individual SC neurons are able to simultaneously specify head displacements and saccade
endpoints because they engage dedicated, computationally specialized brainstem modules
for different body parts. Beyond ensuring coordinated movements end in a stereotyped pose,
this generalizable modular architecture may offer additional benefits to the organism. First,
a modular architecture may facilitate the evolution of the neural control of movements
tailored to the anatomy and ethology of different species. For example, whereas mouse

SC drives head movements with stereotyped displacements and saccades with stereotyped
endpoints, the mechanics of gaze shifts differ in owls, which do not move their eyes, and
mammalian species with high-acuity retinal specializations (e.g., foveae) such as cats and
primates, where SC encodes overall gaze displacement3:37:38.72=74 ' A similar diversification
is observed for other body parts, e.g., the forelimb takes the form of an arm in a human, a
flipper in a whale, and a wing in a bat, with each articulated differently’®. Second, modules
encoding movement endpoints for certain body parts may facilitate feedback control and
course correction15:76,

Limitations of the study

We found that individual tectoreticular neurons collateralize to both PPRF and Gi to drive
both head and eye movements. These collaterals may be the reason saccades without

head movements are rarely observed in rodents (and other afoveates), whereas primates
frequently generate saccades independently of head movements to foveate salient stimuli6’.
Nevertheless, subpopulations of mouse SC neurons may innervate only PPRF or Gi, as

has been observed in primates’”:"8. Such populations would be difficult to detect using the
approaches in this study. Instead, sparse labeling and reconstruction of the axonal arbors of
SC neurons would be needed, as has been undertaken for other brain areas by the Janelia
MouseLight project’®.

We found that the representations of stimulus location and head and eye movement
parameters within SC, Gi, and PPRF differ. Although our findings suggest that the
computations performed within Gi and PPRF differ, they do not reveal how these
computations are implemented. First, because many of these variables are correlated, e.g.,
stimulus location and head movement direction, analytical tools such as generalized linear
models may facilitate more granular investigation of these computations. Second, it will

be critical to define the circuit logic in PPRF and Gi. Although our analyses suggest that
SC-recipient Gi neurons are a relay for head displacement signals from SC, putative relays
elsewhere in the brain, e.g., primary sensory thalamus, were subsequently shown to perform
sophisticated computations, including attentional gating and surround modulation. What
afferents may provide gating or other modulatory cues to Gi will be important to investigate
in the future. In contrast to Gi, it is evident in our data that neurons within or downstream of
PPRF transform SC activity into the desired saccade endpoint and the displacement needed
to reach that endpoint from the initial position of the eyes. PPRF is believed to comprise

at least two cell types, long-latency burst neurons (LLBNS) and excitatory burst neurons
(EBNSs), that form a putative network topology of SC—LLBN-—EBN—abducens motor
neurons8l, In the future, it will be important to identify the cell types within this circuit that
compute saccade endpoint and displacement and the source of the eye position information
that enables the transformation from endpoint to displacement.
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In addition to further unraveling how SC, Gi, and PPRF control the horizontal component
of gaze shifts, future work should determine whether the logic we have identified applies to
SC control of mouse gaze movements in other axes, which are thought to be controlled

by distinct downstream circuitry®. There are additional key differences between gaze
movements in these axes, e.g., whereas the eye movements that accompany head yaw

are conjugate, changes in head pitch are accompanied by non-conjugate vergence eye
movements*3-45, These vergence eye movements are believed to be driven by otolith-
mediated sensing of head pitch, but the underlying circuitry is not understood®283. In the
future, an approach similar to that in the present study may enable deconstruction of the
circuitry controlling gaze in other axes.

The gaze shifts we have studied are a reflexive, unlearned form of coordinated movement,
but many coordinated movements are skills honed through repetition and are generated
volitionally. These behaviors, such as playing the piano, are thought to involve distinct
neural hierarchies that include forebrain areas such as cortex and basal ganglia. It is

unclear whether the computational logic identified in this study will generalize to those
circuits?0:22.84-86 Nevertheless, the approach we have applied to systematically deconstruct
transformations at downstream structures may be useful for investigating these pathways.
Moreover, although differences between systems are likely, our model may provide a useful
point of comparison in efforts to unravel computations within other motor hierarchies.

STAR Methods

Resource availability

Lead contact—*Further information or requests for reagents and resources should be
addressed to the lead contact, Evan Feinberg (evan.feinberg@ucsf.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. Primary data are available at Zenodo. The DOI is listed in the key resources
table.
. Custom analysis code is available in a GitHub repository. The address is listed in

the key resources table.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

Experimental model and study participant details

Animals—All experiments were performed in accordance with protocols approved by
the UCSF Institutional Animal Care and Use Committee. Male C57BL/6J wild- type
(Jackson Laboratory, stock 000664) mice between 2 and 6 months of age were used.
Mice were group housed in a vivarium with a reversed 12:12 h light:dark cycle and tested
during the dark phase. No statistical methods were used to predetermine sample size.
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Behavioral experiments were not performed blinded as the experimental setup and analyses
are automated.

Methods details

Surgical procedures—Muice were administered meloxicam (5 mg/kg) 30 min prior to
surgery. Anesthesia was induced with inhalation of 2.5% isoflurane and buprenorphine (1.5
mg/kg) was administered at the onset of the procedure. Isoflurane (0.5-2.5% in oxygen,

1 L/min) was used to maintain anesthesia and adjusted based on the mouse’s breath and
reflexes. Ocular gel was used to protect the eyes from dehydration. Once anesthetized, Nair
was used to remove hair from the scalp and the surgical area was disinfected using alchohol
and iodine wipes. Following surgery, mice were allowed to recover in their home cages for
at least 1 week.

The skull was exposed by removing a 5 mm diameter circle of skin using spring scissors.
Prior to viral injections, a small hole was drilled in the skull using a 0.5 mm burr

dental drill. Viruses were delivered to the target brain regions using pulled glass pipettes
coupled to a microsyringe pump (UMP3T-1, World Precision Instruments) controlled by a
stereotaxic frame (Model 940, Kopf Instruments). A titanium headplate was cemented to the
leveled skull (Metabond, Parkell). For optogenetic manipulations, fiber optic cannulae were
constructed from ceramic ferrules (CFLC440-10, Thorlabs) and optical fiber (400 um core,
0.39 NA, FT400UMT) using lowautofluorescence epoxy (F112, Eccobond). Cannulae were
targeted using a cannula holder (Thorlabs, XCL) coupled to a stereotaxic frame.

To prepare animals for freely moving recordings, the female end of a Mill-Max connector
(Mill-Max Manufacturing Corp. 853-93-100-10-001000) was cut to 5 mm (2 rows of 4
columns) and cemented to the rostral end of the mouse’s headplate. Camera assemblies were
reversibly attached via this connector during recording sessions.

For electrical microstimulation and electrode recordings, a 1 mm craniotomy was performed
with a 0.5 mm burr dental drill over right SC (centered around ML: 1.1 mm, AP: 0.6 mm
relative to lambda), left PPRF (centered around ML: 0.5 mm, AP: —0.5 mm relative to
lambda), or left Gi (centered around ML: 0.4 mm, AP: —1.4 mm relative to lambda). A

~2 mm-high Metabond well was constructed around the craniotomy to retain saline during
recording sessions. Craniotomies were performed 18-24 hours in advance of recordings and
filled with removable silicone sealant (Kwik-Cast). In addition, a screw was inserted into the
skull rostral to bregma and attached to a ground wire.

Freely moving behavior—Timing and synchronization of the freely moving behavior
were controlled by a microcontroller (Arduino MEGA, 2560 Rev3, Arduino) receiving serial
commands from MATLAB. All behavioral and data acquisition timing information was
recorded by a NI DAQ (USB-6001) for post hoc alignment. Mice were allowed to move
freely on a custom transparent platform measuring 8” x 8”. Body tracking was accomplished
using a camera (Flir, BFS-U3-28S5M-C) recording at 100 Hz from below the animal.

The mouse was illuminated from two sides with visible light, and a black backdrop was
placed above the platform to provide contrast. The platform was mounted on a turntable
(18635A54, McMaster-Carr) that was periodically rotated to avoid tangling of the wires. To
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measure eye movements, two miniature cameras (1937, Adafruit) were used. Each camera
was fitted with a miniature bandpass filter (Filter Opt Cast IR 5 mm, Edmund Optics) and
both were mounted on the head using a 3D-printed camera holder. One IR LED was used
to illuminate each eye and generate a corneal reflection for computing angular eye position.
Videos of both the left and right eyes were recorded at 90 Hz. To measure head movements,
a 9-axis inertial measurement unit (IMU)(HMT-00203, Rosco Technologies) recording at
100 Hz was mounted to the camera holder.

Head-fixed behavior—During experiments, mice were secured in a 3D-printed mouse
holder. Timing and synchronization of the behavior were controlled by a microcontroller
(Arduino MEGA 2560 Rev3, Arduino) receiving serial commands from MATLAB. All
behavioral and data acquisition timing information was recorded by a NI DAQ (USB-6001)
for post hoc alignment. The movements of the left and right eyes were monitored at 100

Hz using two cameras (BFS-U328S5M-C, Flir) coupled to 110 mm working distance 0.5 X
telecentric lenses (#67-303, Edmund Optics). A bandpass filter (FB850-40, Thorlabs) was
attached to the lens to block visible illumination. Three IR LEDs (475-1200-ND, DigiKey)
were used to illuminate the eye and one was aligned to the camera’s vertical axis to generate
a corneal reflection. Attempted head rotations were measured using a 3D-printed headplate
holder coupled to a load cell force sensor (Sparkfun, SEN-14727). Load cell measurements
(sampling frequency 80 Hz) were converted to analog signals and recorded using a NI DAQ
(sampling frequency 2000 Hz).

Electrical microstimulation—Electrical stimulation experiments were performed in
head-fixed mice using a 16-channel Neuronexus probe (A4x4-4mm-200-200-1250-A16)
arranged as a linear array of four shanks spaced by 200 pm. Each shank housed four linearly
arranged electrodes separated by 200 pm. Electrodes had large surface areas (1250 um?)
capable of delivering large currents. Prior to insertion, probe shanks were coated with Dil
(1 mM, Thermo Fisher Scientific) to permit histological reconstruction of the probe track.
The probe’s ground wire was attached to a cortical skull screw and the craniotomy was filled
with saline. The probe was oriented along the anterior-posterior axis and lowered into SC
through intact dura using a micromanipulator (Sensapex, uMp-4) at a speed of 5 um/s to
the desired depth. We focused on the anterior-posterior axis in SC because head-fixed mice
make predominantly horizontal eye movements and earlier studies suggested that horizontal
saccade displacements are represented along this SC axis*2-4%:92, Probes were allowed to
settle for 15 minutes before a stimulation session. Microstimulation was achieved using an
Intan RHS stimulation-recording system and Intan software. Stimuli consisted of biphasic
pulses (0.2 ms per phase) delivered for 10 ms with amplitudes of 30-60 pA. The electrode
array was lowered to 1.5 mm below dura and then incrementally advanced while the distal
electrodes were tested. Depths and stimulation currents were selected as the shallowest and
lowest values, respectively, that regularly evoked saccades using each shank. Experiments
consisted of 400-480 pseudorandomly interleaved stimulation trials (100-120 per shank)
separated by inter-trial intervals drawn from a 5-10 s uniform distribution. SC electrical
microstimulation data were obtained from nine mice and mice underwent one session each.
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Whisker airpuff behavior—Airpuffs were applied to the whiskers of head-fixed mice
to evoke directionally biased attempted head and eye movements. Airpuff stimuli were
generated using 3D-printed airpuff nozzles (1.5 mm wide, 10 mm long), spaced 24 mm
apart, and centered 10 mm beneath the mouse’s left and right whiskers. Airpuff nozzles
were connected to compressed air (5 psi) that was gated by a solenoid. For tectoreticular
loss-of-function experiments, left and right stimuli were randomly selected and presented
at intervals drawn from a 7-12 s uniform distribution. Each session consisted of 350
stimulus presentations and lasted ~55 minutes. For SC, PPRF, and Gi electrophysiological
recordings, left and right stimuli were randomly selected and presented at intervals drawn
from a 37 s uniform distribution. Each session consisted of 700 stimulus presentations and
lasted ~60 minutes. For electrophysiological recordings, only mice with a high probability
of generating touch-evoked saccades (>50 saccades/session) were used. Other than this
screening process, no training or habituation was performed.

Optogenetic stimulation and inhibition—Fiber optic cables were coupled to
implanted fibers and the junction was shielded with black heat shrink. A 470 nm fiber-
coupled LED (M470F3, Thorlabs) was used to excite ChR2-expressing neurons, and a
554 nm fiber-coupled LED (MINTF4, Thorlabs) was used to inhibit eNpHR3.0-expressing
neurons.

For optogenetic activation of SC neurons in freely-moving mice, a 1:1 mixture of
AAVI1.hSyn.ChR2(H134R)-e YFPand AAVI-CAG.tdTomato was injected in right SC (0.6
AP, 1.1 ML, -2.1 and —-1.9 DV; 100 nl per depth), and a fiber was implanted over the
injection site (0.6 AP, 1.1 ML, —2.0 DV). Experiments were performed 14-24 days post-
injection. LED intensity was individually set to evoke an orienting movement without a
flinching response (0.5-1.5 mW). Each session consisted of 700 stimulation trials (100 ms
duration, 2-5 s interval) and lasted ~40 minutes. Mice underwent three sessions each.

For optogenetic activation of SC-recipient Gi or PPRF neurons in head-fixed mice,
AAV1.hSyn.Crewas injected into right SC (0.6 AP, 1.1 ML, -1.9 and -2.1 DV; 100 nl per
depth), a 1:1 mixture of AAVI.EF1a.DIO.hChR2(H134R)-eYFPand AAV1.CAG-FLEX-
tdTomato was injected into left PPRF (-=0.5 AP, 0.5 ML, -4.7 and -4.9 DV; 100 nl per
depth) or left Gi (-1.4 AP, 0.4 ML, -5.25, -5.5, —=5.75, and —6.0 DV; 100 nl per depth), and
an optic fiber was implanted over left PPRF (-0.5 AP, 0.5 ML, —4.7 DV) or left Gi (-1.4 AP,
0.4 ML, -5.3 DV). Experiments were performed 14-31 days post-injection. Each session
consisted of 350 stimulation trials (40 ms duration, 8.5 mW intensity, 7-12 s interval) and
lasted ~55 minutes. Mice underwent one session each.

For optogenetic activation of abducens motor neurons, Chat-Cre mice (Jackson Laboratory
strain 108957) were injected with a 1:1 mixture of AAVI1.EF1a.DIO.hChRZ2(H134R)-¢YFP
and AAV1.CAG-FLEX-tdTomatoin left abducens (-1.1 AP, 0.4 ML, —4.6, and —4.8 DV, 50
nl per depth), and an optic fiber was implanted over abducens (-1.1 AP, 0.4 ML, —-4.55 DV).
Experiments were performed 14 days post-injection. LED intensity was individually set to
evoke a ~5° eye movement (0.037-1.75 mW). Each session consisted of 350 stimulation
trials (500 ms, 7-12 s interval). Mice underwent one session each.
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For optogenetic inhibition of tectoreticular neurons during the whisker airpuff behavior,

mice were injected with HSV-hEF1a-crein left PMRF(-0.8 AP, 0.4 ML, —4.7, 4.9,

-5.1 DV, 100 nl per depth) and a 1:1 mixture of AAV1.EFI1a.DIO.eNpHR3.0-e YFP and
AAV1.CAG-FLEX-tdTomato in right SC (0.6 AP, 1.1 ML, -2.1 and —-1.9 DV; 100 nl

per depth), and an optic fiber was implanted over right SC (0.6 AP, 1.1 ML, —2.0 DV).
Experiments were performed 21-50 days post-injection. Each session consisted of 350
whisker airpuff trials, and light (8.5 mW) was delivered to SC for 1 s centered around airpuff
onset on a random 50% of trials. Mice underwent 6 whisker airpuff sessions each.

Pharmacological silencing of SC—For optogenetic activation of SC axon terminals
in head-fixed mice, a 1:1 mixture of AAVZASyn.ChR2(H134R)-eYFPand AAVI-
CAG.tdTomato was injected in right SC (0.6 AP, 1.1 ML, -2.1 and —-1.9 DV; 100 ni

per depth), and an optic fiber was implanted over left Gi (-1.4 AP, 0.4 ML, -5.3 DV).
Experiments were performed 10-20 days post-injection. Each mouse underwent an initial
control session before undergoing an experimental session (+TTX) session the following
day. Each session consisted of 350 stimulation trials and identical light intensities were
used for each mouse across days (40 ms duration, 1-2 mW intensity, 7-12 s interval).

One hour before the experimental session, 100 nL of either saline or tetrodotoxin-citrate
(Alomone Labs, T-550; 40 um) was injected in right SC (0.6 AP, 1.1 ML, -2.0 DV). All
mice displayed prominent ipsiversive circling behavior following TTX injection, consistent
with SC silencing. During both the control and TTX sessions, an electrode was inserted in
SC (see Single-unit recordings) to detect the presence or absence of neural activity. In two
of the animals, additional electrode recordings were performed to confirm TTX-mediated
silencing at least 2 mm ventral and 1 mm anterior of the injection site, suggesting that all of
SC was silenced.

Single-unit recordings—Acute recordings were performed in head-fixed mice using
either a 128-channel Neuronexus probe (A4x32-Poly2-5mm-23s-200-177) or a 64-channel
Cambridge NeuroTech optrode (ASSY-77 H6, 100 pm core lambda-b fiber with 300

um horizontal separation between the probe and fiber). Prior to insertion, probe shanks
were coated with Dil (1 mM, Thermo Fisher Scientific) to allow post hoc histological
reconstruction of the probe track, the probe’s ground wire was attached to the skull screw,
and the craniotomy was covered in saline. The probe was lowered using a micromanipulator
(Sensapex) through intact dura at a speed of 5 um/s to 100 um below the desired depth,

and then raised at a speed of 2 pm/s to the desired depth. The probe was allowed to settle
for at least 25 minutes before recording began. Mice underwent multiple recording sessions
on successive days unless their craniotomies showed signs of decay (e.g., dura no longer
intact, signs of bleeding, or scar tissue formation). Craniotomies were covered with silicone
(Kwik-Cast) between sessions. Extracellular potentials were acquired using an Intan RHS
recording system and Intan RHX software.

Optotagging—Tectoreticular neurons were identified using antidromic optotagging. A 1:1
mixture of AAV1.hSyn.ChR2(H134R)-eYFPand AAVI-CAG.tdtomatowas injected in right
SC (0.6 AP, 1.1 ML, -2.1 and -1.9 DV; 100 nl per depth), and a 400 um fiber was implanted
in left contralateral medial PMRF (=0.8 AP, —0.4 ML, —4.7 DV). After ten days, animals
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were screened for ChR2 expression by determining whether head and eye movements

were evoked by light pulses (470 nm, 40 ms, 1 mW) delivered to PMRF. Recordings

were performed 10-30 days post-injection. Tectoreticular neurons were identified as those
antidromically activated by photostimulating axon terminals in the contralateral medial
PMRF. At the beginning and end of each recording session, 20 pulses of 470 nm light (5
ms pulse duration, separated by 100 ms, 1 mW intensity) were delivered through an optical
fiber implanted over PMRF. Neurons were classified as tectoreticular (10-38% of neurons
recorded in a given session) if they reliably responded to photostimulation (>80% response
rate) with short latency (<5 ms), low temporal jitter (<2 ms), and with similar waveforms as
spontaneous action potentials (correlation coefficient > 0.90).

We used an optrode to identify SC-recipient PPRF neurons. First, AAVZ.hSyn.Cre was
injected into right SC (0.6 AP, 1.1 ML, -2.0 DV; 150 nl), and a 1:1 mixture of
AAV1.EF1a.DIO.hChR2(H134R)-e YFP and AAV1.CAG-FLEX-tdTomato was injected into
left PPRF (-0.5 AP, 0.5 ML, -4.7 and -4.9 DV; 100 nl per depth). Optagging experiments
were performed 10-20 days post-injection. SC-recipient PPRF neurons were identified

as those activated by photostimulating PPRF somata using a 473 nm fiber-coupled laser
(Shanghai Laser & Optics Century). At the beginning and end of each recording session,
20 pulses of 470 nm light (10 ms pulse duration, separated by 100 ms, 10 mW intensity)
were delivered through a 100 pm diameter optical fiber attached to the probe. Neurons
were classified as SC-recipient (4-44% of neurons recorded in a given session) if they
reliably responded to photostimulation (>80% response rate) with short latency (<10 ms),
low temporal jitter (<2 ms), and with similar waveforms as spontaneous action potentials
(correlation coefficient > 0.90).

Tracing—To examine axon collaterals of Gi-projecting SC neurons, mice were injected
with HSVLhEFIaCrein left Gi (-1.4 AP, 0.4 ML, -5.5 and -5.75 DV; 100 nl per depth), and
AAVI1.CAG-FLEXtdTomato in right SC (0.6 AP, 1.1 ML, -2.0 DV; 150 nl). To examine the
axon collaterals of pan-neuronal SC neurons, a separate cohort of mice were injected with a
1:1 mixture of AAV1hSyn.HI.eGFP-Cre and AAV1.CAG-FLEX-tdTomato in right SC (0.6
AP, 1.1 ML, —-2.0 DV; 100 nl). Mice were euthanized 14 days post-injection and their brains
were histologically processed and imaged.

Histology—For histological confirmation of electrode placements, fiber placements,
injection sites, and for tracing experiments, mice were perfused with PBS followed by 4%
paraformaldehyde (PFA). Brains were removed and fixed overnight in 4% PFA and stored
in 20% sucrose solution for at least 1 day. Brains were sectioned at 50 um thickness using

a cryostat (NX70, Cryostar), mounted, and coverslipped using DAPI mounting medium
(Southern Biotech). For histological confirmation of electrode placements, fiber placements,
and injection sites, tile scans were acquired using a confocal microscope (LSM700, Zeiss)
coupled to a 10X air objective. For quantifying SC tectoreticular axonal projections, Z-stack
tile scans (10 um spacing) were acquired using a confocal microscope coupled to a 10X air
objective.
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Quantification and statistical analysis

Anatomical reconstructions and analysis—Confocal tile scans of coronal brain
sections were manually registered to the Allen Mouse Common Coordinate Framework,
Version 3 (Allen CCF) and anatomical points of interest (e.g., the tips of electrode and
fiber tracks) were manually identified using a MATLAB-based GUI (Shamash et al.,
2018). Briefly, each brain section image was matched to a 2D slice through the Allen

CCF reference volume, common landmarks were identified between the brain section and
reference image, and the section image was warped to align with the reference image using
affine transformations. For visualization, reconstructed anatomical features were projected
onto 2D coronal slices through the Allen CCF reference volume. AP and DV coordinates are
reported relative to the origin of the Allen CCF volume (the anterior, superior, right corner)
and ML coordinates were reported relative to the midline (5700 um from the right edge of
the volume).

To quantify SC projections, coronal brain section images were registered to Allen CCF
and a rolling-ball background subtraction was performed to level variance in background
autofluorescence. Images were binarized at a threshold determined to isolate axonal

and terminal processes. Expression was quantified by binning pixels into 50 um blocks
(heatmaps) or averaging a 300 um thick horizontal stripe (line profiles). Data from sections
were normalized to peak (heatmaps) or area under curve (line profiles) before averaging to
show proportional expression within each structure.

Allen CCF unit coordinates from single unit recordings were reconstructed by identifying
the electrical channel with the largest amplitude spike waveform and using the probe’s
geometry and insertion angle of incidence to estimate coordinates relative to the tip. Probe
insertion relative to the Allen CCF was determined to be angled slightly posterior (=7°).
Random jitter (£10 um) was added to unit coordinates to prevent eclipsing in scatter

plots. Unit tunings were identified using methods described below (“Electrophysiological
Analysis”). Two-dimensional density plots were generated using Gaussian kernel-density
estimates and plotting six equally spaced density lines from 30-100% of the of highest
density.

Freely moving behavior analysis—Body camera videos were processed post hoc using
DeepLabCut8®. The network was trained to detect six features on the mouse: nose, chest,
abdomen, tail base, and the two camera LEDs. Frames were excluded if the platform was
moving or if any of the tracked points had a DeepLabCut-calculated likelihood of p <

0.99. Eye camera videos were processed post hoc using DeepLabCut. The network was
trained to detect the top, bottom, left and right edges of the pupil and the left and right
edges of the corneal reflection. Frames with a DeepLabCut-calculated likelihood of p <
0.99 were excluded from analysis. The pupil data were interpolated to match the body
camera sampling rate (100 Hz), and angular eye position was determined using a previously
described method developed for C57BL/6J%3.

Head yaw position was determined by integrating the IMU yaw velocity. To obtain the
angle of the head relative to the body (used to determine starting head-body posture), the
instantaneous yaw angle of the head relative to the body was calculated using the nose,
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chest, and abdomen features extracted using DeepLabCut. For each timepoint, the direction
of the head was found as the vector h between the chest and nose, and the direction of the
body was the vector b between the abdomen and chest. The angle between these vectors
was found using the dot product: © = cos™ [ (h - b) / (|h| |b])], and the sign was determined
using the cross product. To organize head movement traces by starting head-body angle,
the IMU-derived head positions for each trial were aligned according to the video-derived
head-body angle. Head movement detection was adapted from3L. We focused on yaw head
rotations because SC stimulation-evoked movements were primarily along the yaw axis
(Figure S1B). Head movements were identified when angular velocity exceeded 140°/s in
the same direction for at least 30 ms. Head movement onset and offset were found by
moving backward or forward, respectively, in time from the seed location until velocity
fell below 28°/s or velocity direction changed. Total head movement amplitude was the
difference between the head positions at offset and onset (Figure S1B).

We observed two distinct phases of eye motion; a fast saccadic phase coinciding with

head movement onset followed by a slow phase whose magnitude was roughly equal

and opposite to the ongoing head rotation (Figure 1C). This slow phase resembled a
gaze-stabilizing reflex driven by vestibular feedback (vestibulo ocular reflex, VOR)#2:45:92,
We focused our analyses on the horizontal component of the fast saccadic phase because
evoked saccades were primarily confined to the horizontal axis (Figure S1A). Saccades
were identified separately for left and right pupils. Seed positions for tentative saccades
were identified as timepoints where pupil velocity exceeded 550°/s in the horizontal axis.
To ensure that saccades were not counted more than once, a seed time point was only
considered if it was the local maximum velocity within a £50 ms time window. To identify
the saccade onset and offset, a +50 ms window around each seed was oversampled by a
factor of two (5 ms resolution). Saccade onset and offset were defined as the first time

point where velocity fell below 70°/s or changed direction. If neither of those criteria were
met, onset or offset was set at +35 ms. Saccade amplitude was the difference between

the pupil positions at offset and onset. For putative saccades to be included in analysis,

both pupils needed to make saccade-like movements in the same direction within 30 ms

of each other. Saccades displayed a main sequence, i.e., peak velocity scaled linearly with
amplitude, and saccade amplitude was highly correlated between eyes (Figure S1C-E).
Stimulus-evoked movements were defined as saccades or head movements occurring in the
100 ms period following optogenetic stimulation onset. To distinguish stimulation-evoked
saccades from spontaneously occurring saccades, we only considered trials in which the
eyes and head were stationary in the 50 ms and 100 ms, respectively, preceding stimulation
onset. Furthermore, to exclude VOR-induced saccades, we only examined saccades in which
the eyes remained stationary between stimulation onset and saccade onset. The head and
eye components of stimulation-evoked gaze shifts were defined as the amplitude of the
saccadic phase of eye motion and the distance traveled by the head between head movement
onset and saccade offset, respectively. Eye or head position dependence was quantified using
linear regression (Figure 1).

Head-fixed behavior analysis—Eye camera videos were processed post hoc using
DeepLabCut. The network was trained to detect the left and right edges of the pupil and
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the left and right edges of the corneal reflection. Frames with a DeepLabCut-calculated
likelihood of p < 0.99 were discarded from analysis. Eye position was defined as the
average of the left and right pupil positions minus the mean. Saccades were defined as eye
movements that exceeded 100°/s, were at least 3° in amplitude, and were not preceded by
a saccade in the previous 100 ms. The initial positions and endpoints of saccades were
defined as the first points at which saccade velocity rose above 30°/s and fell below 20°/s,
respectively. Analyses focused on horizontal saccades because saccades in head-fixed mice
are strongly confined to the azimuth. Raw attempted head rotation data were low-pass
filtered at 80 Hz using a zero-phase second-order Butterworth filter, interpolated to match
the pupil sampling rate (L00Hz), and Z-scored. For some experiments, behavioral sessions
for individual mice were combined across days.

Stimulus-evoked saccades were defined as saccades occurring in the 100 ms period
following stimulus onset (i.e., microstimulation, optogenetic excitation, or airpuff delivery),
and stimulus-evoked head movements were defined as the head-sensor reading 80 ms
post-stimulus onset. A stimulus was deemed to have evoked a head movement if the
magnitude of the head movement exceeded 0.2 Z. To examine the eye position-dependence
of stimulus-evoked saccades, only trials in which the eyes were stationary in the 500 ms
period preceding stimulus onset were used. To examine the eye position-dependence of
stimulus-evoked head movements, only trials in which the head was stationary in the 500 ms
period preceding stimulus onset were used. Eye position-dependence was quantified using
linear regression with Z-scored standardized variables.

Classifying electrical stimulation site was performed on data from individual mice using
multinomial logistic regression. Predictors (saccade amplitude and saccade endpoint) were
Z-score standardized. Data were randomly subsampled to include an equal number of values
per class (shank). Cross validation was used to train multinomial logistic regression models
and test fold predictions were used to compute accuracy. This process was repeated 100
times and the mean accuracy was used as the measure of predictor performance. Randomly
shuffling shank labels for saccade amplitude or saccade endpoint before cross validation
resulted in accuracies of ~0.25, consistent with chance.

Electrophysiological analysis—Spike sorting was performed using KiloSort2.5
software®7:88 followed by manual curation using Phy2 (https:/github.com/cortex-lab/phy).
Units with an average firing rate below 0.2 Hz, more than 1% of detected events with an
absolute refractory period <1 ms, significant amplitude drift across the recording session, or
atypical waveforms were excluded.

All units were pooled for analysis. Firing rate traces were smoothed with a 10 ms Gaussian
window for display purposes. For each unit, tuning for puff side was determined by
comparing spike counts in the 50 ms following puff onset in left versus right puff trials (two-
tailed t-test, p < 0.05). To identify motor-tuned units, spike counts in the 50 ms following
puff onset were regressed against head displacement, saccade displacement, or saccade
endpoint. Tuned units were defined as those with a linear regression P-value below 0.05, and
preference for left versus right movements was determined using the sign of the regression
slope. For head movement tuning analyses, only trials in which mice did not move their head
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in the 100 ms prior to stimulus onset were used. For saccade tuning analyses, only trials in
which mice did not saccade in the 100 ms prior to stimulus onset were used. A Chi-squared
test was used to compare the proportions of left-preferring, right-preferring, and untuned
units across brain regions. A binomial test was used to determine tuning preference within
each brain region.

Targeted dimensionality reduction was used to examine the population dynamics of SC
activity during touch-evoked gaze shifts. We pooled all /7units from different sessions

and mice for analysis. Our goal was to identify 77X I vectors that maximally accounted

for response variance due to each behavioral variable. We then sought to visualize
population dynamics in this subspace. We refer to these vectors as the coding dimension
(CD), and computed CD for left vs. right stimulus locations, head displacements, saccade
displacements, and saccade endpoints. CD was computed by subtracting the average spike
count during the 50 ms window following airpuff onset for left - right trials, and dividing
this nx 1 vector by its length. We then projected population activity aligned to stimulus
onset in left trials (X(9jert) and right trials (X(#rignt) along CD (CDTx). This allowed us to
visualize population dynamics in a behaviorally relevant subspace. Selectivity was defined
as the difference between left and right projections (CD Xjef; - CDTxrigm). To visualize
projections and determine significance, we used bootstrapping across units. Each bootstrap
consisted of resampling units with replacement and computing CDs de novo. Traces show
bootstrapped median values and shading indicates 1-99% confidence intervals.
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Highlights

Superior colliculus (SC) specifies head displacement and saccade endpoint in
mice

Single SC neurons collateralize in pons and medulla to coordinate the eyes
and head

A subpopulation in pons transforms SC activity into saccade endpoints

A subpopulation in medulla transforms SC activity into head displacements
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Figure 1. Superior colliculus specifies head displacement and saccade endpoint but not overall
gaze displacement in freely moving mice.

A, Left, schematic. Head-mounted cameras and inertial measurement unit track eyes

and head, respectively. Initial head-eye angle is tracked using camera below transparent
platform. Right, sign conventions adopted throughout this paper. B, Optogenetic strategy.
Left, schematic. Center, sample histology. Scale bar, 1 mm. Right, fiber placements for all
mice (n = 7) in Allen common coordinate framework (CCF). C, Example head, pupil, and
gaze traces illustrating stimulation-evoked gaze shift. Blue bar indicates LED stimulation
period. Note two distinct phases of eye motion: a fast saccadic phase coinciding with head
movement onset followed by a slow phase with roughly equal and opposite to the head
rotation, resembling a gaze-stabilizing reflex (vestibular ocular reflex, VOR). D-G, J-M,
P-S, Data for example mouse. D, Gaze traces aligned to LED onset. E-G, Relationship

between gaze displacement and initial gaze angle (E), initial head angle (F), and initial pupil
angle (G). H, 1 Population summary of R2 and slopes for ChR2-evoked gaze displacement

Cell. Author manuscript; available in PMC 2024 July 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zahler et al.

Page 28

regressed against initial gaze, head, or pupil angles. J, Head movement traces aligned

to LED onset. K-M, Relationship between head displacement and initial gaze angle (K),
initial head angle (L), and initial pupil angle (M) N, O, Population summary of R? (N)
and slope (O) for optogenetically evoked head displacement regressed against initial gaze,
head, or pupil angles. P, Pupil traces aligned to LED onset. Q-S, Relationship between
pupil displacement and initial gaze angle (Q), initial head angle (R), and initial pupil angle
(S). T, U, Population summary of R? (T) and slope (U) for optogenetically evoked pupil
displacement regressed against initial gaze, head, or pupil angles. See also Figure S1.
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Figure 2. Mouse superior colliculus comprises topographic maps of head displacement and
saccade endpoint.

A, Schematic of electrical microstimulation. B, C, Attempted head movement (B) and
pupil angle (C) traces aligned to stimulation onset (gray shading) for each electrode

for an example animal. D-F, Population summary of attempted head displacements (D),
saccade displacements (E), and saccade endpoints (F) as a function of microstimulation
site. Thin lines are data from individual animals (n = 9). Thick line is population mean.
G, Fraction of saccade displacement or attempted head displacement variance (R2, linear
regression) explained by initial pupil position across animals (mean £ SD). H, Variability
of saccade displacements and endpoints. Each point is the mean shank-wise variance. Lines
denote individual mice, bars denote population means. I, Confusion matrices of predicted
versus actual microstimulation shank for example animal. The matrix cell values indicate
the fraction of trials with that result. Chance level indicated with triangle. A, anterior.

P, posterior. J, Summary of classifier accuracies predicting microstimulation shank using
saccade displacement or endpoint. Chance level indicated with triangle and dashed line.
Confusion matrix and accuracy scores are from test folds of cross-validated multinomial
logistic regressions. Lines connect values for individual mice, bars are population means.
Orange denotes head data and purple denotes eye data. Statistics performed using one- or
two-sample Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant). See
also Figure S2.
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Figure 3. Tectoreticular neurons drive sensory-guided eye and head movements with stereotyped
endpoints and displacements, respectively.

A, Left, schematic. Middle, sample histology. Scale bar, 1 mm. Right, fiber placements
in Allen CCF (n =5 mice). B, Attempted head movement traces aligned to LED onset
(blue shading) for an example animal. C, Relationship between initial pupil angle and

attempted head displacement for traces in B. D, Pupil angle traces aligned to LED onset
(blue shading). E, Relationship between initial pupil angle and saccade displacement for

traces in D. Data in B-D were derived from the same animal. F, G Population summary
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of slopes and R of head displacements and saccade displacements regressed against

initial pupil angle. Markers denote individual animals. H, Schematics illustrating airpuff
stimulation of the left whisker bundle. I, Attempted head movement traces aligned to left
whisker airpuff onset (vertical dashed line) for an example animal. J, Relationship between
initial pupil angle and attempted head displacement for traces in I. K, Pupil position traces
aligned to whisker airpuff onset (vertical dashed line). L, Relationship between initial

pupil angle and saccade displacement for traces in K. Data in I-L were derived from the
same animal. M, N, Population summary of slopes (M) and R2 (N) for regression of airpuff-
evoked head displacements and saccade displacements against initial pupil angle. Markers
denote individual animals. O, Left, schematic illustrating strategy to optogenetically inhibit
tectoreticular neurons (n = 12 mice). Tectoreticular activity was suppressed in the period
surrounding whisker airpuff onset. A separate cohort was prepared to control for effects

of optogenetic excitation (n = 5 mice). Middle, sample histology. Scale bar, 1 mm. Right,
fiber placements in Allen CCF. P, Change in mean attempted head displacement between
LED-On and LED-Off whisker airpuff trials. Q, As in P for saccade endpoint. Orange
denotes head data and purple denotes eye data. Statistics performed using Student’s t-test
(*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant).
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Figure 4. Tectoreticular neurons encode stimulus location and head displacement.
A, Left, schematic of antidromic *“optotagging” of tectoreticular neurons. Middle, Sample

SC histology. Right, sample PMRF histology. Scale bar, 1 mm. B, Example cell. Left, raster
plots of activity aligned to LED onset. Right, waveforms of spontaneously occurring (black)
and light-evoked (blue) action potentials. C, Left, schematic of airpuff delivery to whiskers.
Right, spike rasters and peri-stimulus time histogram of activity of example cell aligned

to airpuff onset sorted by airpuff location. D, Peak-normalized average firing rate of each
tectoreticular cell aligned to airpuff onset. E, Proportion of cells significantly tuned for

left or right airpuffs. F, Left, trial-averaged population activity projected onto the coding
dimension (CD) for left and right whisker airpuffs. Right, separation between the left and
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right whisker airpuff activity projections. G, Left, schematic of left and right attempted head
displacements. Middle, spike raster and peri-stimulus time histogram of activity for example
cell aligned to airpuff onset sorted by attempted head displacement direction. Right, single-
trial analysis of the relationship between attempted head displacement and spiking in the

50 ms following airpuff onset for the same cell. H, Proportion of units significantly tuned
for left and right head displacements. I, Left, trial-averaged population activity projected
onto the coding dimension (CD) for left and right head displacements. Right, separation
between the left and right head displacement activity projections. J, M, As in G for saccade
displacements and saccade endpoints. K, N, As in H for saccade displacements and saccade
endpoints. L, O, As in | for saccade displacements and saccade endpoints. Green and
magenta denote left (contralateral to recording site) and right (ipsilateral to recording site)
airpuff locations or movements. Left and right saccade endpoints were defined relative to
the median eye position. Tuning for airpuffs was computed using Student’s t-test (p <

0.05). Tuning for movement parameters was determined using linear regression (p < 0.05).
The same example cell is shown in each panel. Shading denotes 99% confidence interval.
Recordings were performed in 4 mice over 9 sessions, yielding 317 units of which 53 were
identified as tectoreticular. See also Figures S3 and S4.
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Figure 5. SC-recipient Gi and PPRF modules drive head movements with stereotyped
displacements and saccades with stereotyped endpoints, respectively.

A, Top left, schematic. Top right, sample SC histology. Bottom left, sample Gi histology.
Bottom right, fiber placements in Allen CCF. Scale bars, 1 mm. B, As in A but for
SC-recipient PPRF neurons. C, D, Population summary of Gi and PPRF optogenetically
evoked head movement (C) and saccade probability (D). E, Attempted head movements
aligned to LED onset (blue shading) for sample Gi mouse. F, Relationship between initial
pupil angle and head displacement for traces in E. G, H, as in E, F for sample PPRF mouse.
1, Pupil traces aligned to LED onset (blue shading) for sample Gi mouse. J, Relationship
between initial pupil angle and saccade displacement for traces in I. K, L, Asin I, J but
for SC-recipient PPRF neurons. Data in E, F, 1, J derived from the same Gi stimulation
animal. Data from G, H, K, L derived from the same PPRF stimulation animal. M-O,
Population summary of slopes (M, O) and R2 (N, P) for regression of Gi-evoked attempted
head displacements (M, N) and PPRF-evoked saccade displacements (O, P) against initial
pupil angle. Markers show individual animals (n = 9 for Gi, n = 9 for PPRF). Orange
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denotes head data and purple denotes eye data. Statistics performed using Student’s t-test
(*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant).
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Figure 6. Individual tectoreticular neurons collateralizing to Gi and PPRF drive both head and
eye movements.

A, Top, schematic of strategy to label Gi-projecting SC neurons (n = 3). Bottom,
representative SC histology. Scale bar, 0.5 mm. B, As in A but for pan-neuronal SC labeling
(n =4). C, Gi-projecting neurons collateralize to PPRF. Top left, labeling in PPRF in
representative animal. Yellow rectangle indicates area magnified at lower left. Top right,
mean terminal density across animals. D, As in C for SC pan-neuronal labeling. Bottom
right shows population mean distributions of terminals in PPRF in area outlined by dotted
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lines in the mean terminal density images. E, F, As in C, D for terminals in Gi. G,
Schematic of possible models. Left, model wherein separate SC neurons innervate PPRF
and Gi to drive saccades and head movements, respectively. Right, model wherein single
SC neurons collateralize to both PPRF and Gi to drive both head and eye movements.

H, Schematic of approach. AAVI-ChR2was injected in right SC and a fiber optic was
implanted over left Gi. SC was subsequently injected with either saline or TTX and SC
activity was recorded. I, Positions of electrodes (top) and optical fibers (bottom) in Allen
CCF. J, SC multiunit activity at 2 depths separated by 400 um after control (saline)
injection. K, Attempted head movements aligned to LED onset (blue shading) (left) and
relationship between initial pupil angle and head displacement (right). L, as in K for
saccades. M, TTX injection abolishes activity in SC. N, O, as in K, L after TTX injection
in SC. Data in J-L and M-O are from the same mouse on successive days. P, Mean
standard deviation of multiunit signals detected in SC for control and TTX sessions. Markers
indicate single mice. Q, As in P for antidromically evoked SC activity. R, Probability of
attempted head movements (left) and saccades (right) for control and TTX sessions. S,

Size of attempted head movements (left) and saccade endpoints (right) for control and TTX
sessions. T, Slopes (left) and R? (right) of regression of attempted head displacement and
saccade displacement against initial eye position. Statistics performed using Student’s t-test
(*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant).
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example cell. Chi-squared tests were used to compare the proportions of left-, right-, and
un-tuned units across structures (*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant). Gi
recordings were performed in 4 mice over 6 sessions, yielding 179 cells. PPRF recordings
were performed in 6 mice over 6 sessions, yielding 292 cells. Optotagged PPRF recordings
were performed in 6 mice over 9 sessions, yielding 35 cells. SC recordings are from Figure
2. See also Figures S5, S6, and S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Virus strains
AAVI-hSyn-ChR2(H134R)e Y FP Addgene 26973-AAV1
AAVI-EF1a-DIOhChR2(H134R)-e YFP Addgene 20298-AAV1
AAVI1-CAG-tdTomato Addgene 59462-AAV1
AAVI-CAG-FLEX-tdTomato Addgene 28306-AAV1
AAVI-hSyn-eGFP-Cre Addgene 105540-AAV1
HSV-hEFla-cre MGH Gene Delivery RN425
Technology Core
AAVI-EF1a-DIO-eNpHRS3.0e YFP Addgene 26966-AAV1
Deposited data
Primary data | This paper | 10.5281/zen0do.7796128
Experimental models: Organisms/strains
Adult male (8-12 weeks) C57BL/6J mus musculus | The Jackson Laboratory | 000664

Software and algorithms

Fiji Fiji https://fiji.sc

Kilosort v2.5 87,88 https://github.com/MouseLand/Kilosort/releases/tag/
v2.5

Phy2 Cortex Lab https://github.com/cortexlab/phy

RHX data acquisition software Intan https://intantech.com/RHX_software.html

Python 3.9 Python Software Foundation | https://www.python.org/downloads/

Matlab v2019a Matlab https://www.mathworks.com/products/matlab.html

DeepLabCut 89 http://www.mousemotorlab.org/deeplabcut

Allen CCF registration 90 https://github.com/cortexlab/allenCCF

3D rendering 91 https://github.com/brainglobe/brainrender

Custom analysis code This paper https://github.com/EvanFeinbergLab/
Zahler_Taylor_2023

Other

Laser scanning confocal microscope Zeiss LSM700

Stereotaxic Instrument Kopf Model 940 Small Animal

Micro syringe pump injector

World Precision Instruments

UMP3T-1

Ultraprecise micromanipulator Sensapex uMp micromanipulator system for electrophysiology
Tetrodotoxin citrate Alomone Labs T-550

Dil Stain Thermofisher D282

Optrode Cambridge NeuroTech ASSY-77 H6, 100 pm core lambda-b fiber with 300 pm

horizontal separation between the probe and fiber

system

4-shank electrode Neuronexus A4x32-Poly2-5mm-23s-200177-AC128
Stimulating electrode Neuronexus A4x4-4mm-200-200-1250A16
Electrophysiology stimulation and recording Intan RHS
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REAGENT or RESOURCE SOURCE IDENTIFIER

473 nm fiber-coupled laser Shanghai Laser & Optics BL473T3-050FC + ADR700A
Century

470 nm fiber-coupled LED Thorlabs M470F3

554 nm fiber-coupled LED Thorlabs MINTF4

Data acquisition device NI USB-6001

High speed camera Flir BFS-U3-28S5M-C

Miniature eye camera Adafruit 1937

Load cell force sensor Sparkfun SEN-14727

Animal head tracking device (IMU) Rosco N/A

Cryostat Cryostar NX70

Ceramic ferrules Thorlabs CFLC440- 10

400 pum core 0.39 NA optical fiber Thorlabs FT400UMT

Low-autofluorescence epoxy Eccobond F112
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