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SUMMARY

The use of sensory information to drive specific behaviors relies on circuits spanning long
distances that wire up through a range of axon-target recognition events. Mechanisms assembling
poly-synaptic circuits and the extent to which parallel pathways can ‘cross-wire’ to compensate
for loss of one another, remain unclear and are crucial to our understanding of brain development
and models of regeneration. In the visual system, specific retinal ganglion cells (RGCs) project to
designated midbrain targets connected to downstream circuits driving visuomotor reflexes. Here
we deleted RGCs connecting to pupillary light reflex (PLR) midbrain targets, and discovered that
axon-target matching is tightly regulated. RGC axons of the eye-reflex pathway avoided vacated
PLR targets. Moreover, downstream PLR circuitry is maintained; hindbrain and peripheral
components retained their proper connectivity and function. These findings point to a model in
which poly-synaptic circuit development reflects independent, highly stringent wiring of each
parallel pathway and downstream station.
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INTRODUCTION

Many of our sensations reliably drive specific adaptive behaviors, such as pain-avoidance
reflexes (Fields and Heinricher, 1989; Abraira and Ginty et al., 2013; Han and Dong, 2014),
fear-driven freezing and escape (Kobayakawa et al., 2007; Stowers et al., 2013; Yilmaz and
Meister, 2013; Zhao et al., 2014; De Franceschi et al., 2016), and reproductive and social
interactions (Anderson, 2016; Hashikawa et al., 2016; Stowers and Liberles, 2016; Yang and
Shah, 2016). These behaviors emerge from sequential activation of synaptic stations
positioned from the sensory periphery to the neuromuscular junction (Figure 1A) (Clark et
al., 2013). Moreover, many of these nodes sort and combine different qualities of sensory
information in parallel in order to correctly drive downstream targets (Figure 1B) (Luo and
Flanagan, 2007).

What are the developmental steps that direct poly-synaptic parallel circuit assembly? Much
has been learned about how axons pathfind to their targets and sort into maps within those
targets (O’Leary et al., 1999; Huberman et al. 2008a; Bonanomi and Pfaff, 2010; Cang and
Feldheim, 2013; Erskine and Herrera, 2014). This multistep process involves axon
outgrowth (Sretavan, 1990; Polleux and Snider, 2010), steering through intermediate choice
points (Schneider and Granato, 2003; Williams et al., 2004), target recognition and synapse
formation, as well as the removal of projections and synaptic connections made with
incorrect targets (Sanes and Yamagata, 2009; Huberman et al. 2008a; Riccomagno and
Kolodkin, 2015). Genetically programmed molecular cues play integral roles in these
processes (Dodd and Jessell, 1988; Raper and Mason, 2010; Kolodkin and Tessier-Lavigne,
2011) and neural activity sculpts and refines them (Huberman et al., 2008a). How
functionally-precise parallel pathways emerge and the consequences of disrupting parallel
wiring on downstream circuitry in the mammalian brain, remain poorly understood.
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In recent years, the combination of Cre-drivers for specific neuronal populations in mice
(Gong et al., 2007) and tools for manipulating the activity of Cre-expressing neurons (Fenno
et al., 2011; Madisen et al., 2012; Urban and Roth, 2015; Whissell et al. 2016) has
broadened understanding of how functionally specialized neurons in the sensory periphery
lead to adaptive, defined patterns of motor outputs (Rossignol et al., 2006; Davidson and
Giesler, 2010; Chen et al., 2011; Schmidt et al., 2011; Arber, 2012; Abraira and Ginty, 2013;
Anderson 2016). With those functional reflex architectures now understood, such circuitries
provide a rich opportunity to probe the principles and mechanisms of poly-synaptic network
assembly and thereby fill a key gap in our understanding of mammalian brain development.

A longstanding model of parallel pathway assembly in the CNS is the visual system eye-to-
brain (retinofugal) pathway (Shatz and Sretavan, 1986; Osterhout et al., 2014; Dhande et al.,
2015; Seabrook et al., 2017; Zhang et al., 2017). Retinofugal circuits include ~30 types of
retinal ganglion cells (RGCs), the output neurons of the eye that collectively project to ~40
different subcortical targets (Morin and Studholme, 2014), which in turn connect to
downstream targets to create perceptions and drive visually-evoked behaviors (Dhande and
Huberman, 2014; Dhande et al., 2015; Seabrook et al., 2017). Indeed, several visual
channels are wired such that they reliably and robustly drive adaptive motor functions. Two
primary examples of this are reflexive eye movements that occur when the head or eyes
move (Simpson, 1984; Dhande et al., 2013) and the pupillary light reflex (PLR) in which the
pupil or “aperture’ of the eye changes in response to shifts in overall ambient illumination
(Giiler et al., 2008; Hatori et al., 2008; Chen et al., 2011) (Figure 1F-1G). Both of these
visuomotor reflexes are driven by specific RGC types that project to distinct targets in the
midbrain pretectum (Figure 1B), which connect to more distal brainstem nuclei to engage
cranial motor nuclei (Gamlin 2006; Schmidt et al., 2011; Dhande and Huberman, 2014;
Dhande et al., 2015).

The poly-synaptic circuitry underlying both PLR and reflexive eye movements are becoming
clear. In terms of PLR, intrinsically photosensitive RGCs (ipRGCs) project to the olivary
pretectal nucleus (OPN) and medial posterior pretectal nucleus (mdPPN) (Figure 1B-1C).
OPN activates downstream circuits including Edinger-Westphal nucleus (EW) to constrict
iris muscles in response to increased illumination (Figure 1F-1G) (Lucas et al., 2003;
Gamlin 2006; Giiler et al., 2008; Hatori et al., 2008; Chen et al., 2011; Schmidt et al., 2011).
The circuitry for reflexive eye movements, by contrast, involves a different RGC population,
the slow-tuned direction-selective RGCs (slow-DSGCs). Slow-DSGCs innervate the nucleus
of the optic tract (NOT) (Figure 1B), which connects via the brainstem and cerebellum, to
control horizontal optokinetic nystagmus important for gaze stabilization (Simpson, 1984;
Gamlin, 2006; Yonehara et al., 2009; Dhande et al., 2013; 2015; Dhande and Huberman,
2014).

Based on their close positioning, high degree of axon-target specificity across multiple
synapses, and defined, highly quantifiable behavioral outputs, these two circuits carry many
of the qualities essential for probing development of parallel pathway assembly and for
understanding how downstream circuits are impacted by disruptions of different nodes along
each pathway. Moreover, the timing of PLR and eye movement circuitry is offset in a
manner that makes them ideal for exploring their influence on each other during
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development. As a general population, RGCs in the mouse are born between embryonic day
(E) 10 and postnatal day (P) 0 (Drager, 1985; Hufnagel et al., 2010; Osterhout et al., 2014).
Previous work revealed that the axons of the RGCs that target the OPN and are selectively
labeled by a Cdh3-GFP transgenic mouse line (Osterhout et al., 2011) reach the OPN and
mdPPN by E16, making them among the earliest group of RGCs to project to the brain. By
contrast, the axons of the RGCs that drive eye reflexes first reach their brain targets at P7
(Osterhout et al., 2014).

Here we used Cre-dependent deletion of Thr2, a transcription factor critical for RGC
survival (Mao et al., 2008; 2014; Sweeney et al., 2014), to specifically eliminate the early-
projecting cohort of luminance-sensing RGCs that connect to PLR centers in the visual
brainstem (Figure 1C-1E). We find that even when OPN and mdPPN are rendered devoid of
their normal retinal input, the axons of slow-DSGCs destined for eye movement centers
continue to avoid PLR targets. Using circuit tracing and site-specific chemogenetic
manipulations, we also find that the PLR pathway retains overall function even in the
absence of sensory input indicating that wiring of subsequent nodes in sensory-reflex arcs
are preserved.

A mouse line for manipulating luminance-sensing RGCs and circuits

To begin to address how parallel visual inputs to brainstem wire up, interact and impact
downstream pathways, we sought mouse lines to selectively target and manipulate
luminance-sensing RGCs. We screened a library of transgenic BAC-Cre recombinase driver
lines (GENSAT; Gong et al., 2007) and identified the tryptophan hydroxylase 2 Cre mouse
line (Tph2CT®) as a possible candidate. To characterize the Tph2C'® mice, we crossed them
with a reporter line expressing tdTomato and examined the eyes and brains of their offspring
(Figure 2A). Within retina, Tph2C"e-tdTomato expression was found mainly in the ganglion
cell layer (GCL) and was present as early as E14.5 (Figure 2B-21). We applied
immunostaining with the RGC specific marker, RBPMS (Rodriguez et al., 2014), and
confirmed that 98% (n = 3 mice) of Tph2C'e cells in the GCL were indeed RGCs as opposed
to displaced amacrine cells, the other major cell population in this retinal layer (Figure 2J-
2L).

Next we crossed Tph2C™-tdTomato mice with Cdh3-GFP mice to generate Tph2CTe-
tdTomato;Cdh3-GFP offspring. Cdh3-GFP RGCs (hereafter ‘Cdh3-RGCs’) are made up of
M2 ipRGCs and “diving” RGCs. Both populations are found in the ventral two-thirds of the
retina and target OPN, the pretectal target involved in PLR (Osterhout et al., 2011). Cdh3-
RGCs are among the earliest born RGCs and the first to send their axons from the eye into
the brain (Osterhout et al., 2014). Immunostaining revealed that 90% (n = 4 mice) of Cdh3-
RGCs express Tph2C'e (Figure 2M-20) and that 84% (n = 3 mice) of melanopsin* RGCs
express Tph2C'™® (Figure 2P—2R).

Subsequently, we examined the patterns of axonal projections from Tph2Cre-tdTomato
RGCs to retinorecipient regions of the brain including the dorsal midbrain pretectum. We
injected an anterograde tracer, cholera toxin subunit B conjugated to Alexa 488 (CThb-488;
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green), into both eyes of Tph2Cre-tdTomato mice in order to visualize the axons of all RGCs
and their retinorecipient terminations (Figure 2S) (Morin and Studholme, 2014). We then
analyzed which CTh™* retinorecipient regions also contained tdTomato™ axons (n = 5 mice).
In the pretectal region of the dorsal midbrain, Tph2C" RGC axons innervated the OPN and
mdPPN but were not seen in the NOT (Figure 2T-2Y) an intervening target that receives
input from slow-DSGCs and is involved in generating horizontal slip-compensating eye
movements (Dhande et al., 2013). Together these results demonstrate that Tph2€" marks
luminance-sensing RGCs projecting to the OPN and mdPPN but not image-stabilizing
RGCs that project to nearby visual targets. Thus Tph2C" mice allow for labeling and
manipulation of a select population of RGCs whose axons undergo highly specific patterns
of targeting in the brain pretectum, making this an attractive tool for probing various aspects
of axon-target matching in the developing visual system.

Tbr2 is a transcriptional regulator of survival expressed by luminance-sensing RGCs

Competition plays a critical role in development of mammalian eye-specific and retinotopic
maps (reviewed in Huberman et al., 2008a; Cang and Feldheim, 2013; Seabrook et al., 2017)
and in the development of neuromuscular connections (Sanes and Lichtman, 1999;
Bonanomi and Pfaff, 2010), but it plays a more limited role in cell-cell specific wiring in the
spinal cord (Betley et al., 2009). We sought to understand whether, at the level of axon-
whole target matching in the visual brainstem, specific RGC types undergo competition to
arrive at their final pattern of parallel connectivity. Typically, competition occurs within a
target where axons of various cell types overlap or converge during development. Although
the different RGC subtypes innervating pretectum go to discrete targets, they traverse
through a common region to reach those targets. Thus, removal of one subtype may
influence the targeting of other RGC axons. In order to test this, we sought to eliminate
luminance-sensing RGCs at a time before other RGC types begin to innervate the brain. The
T-box transcription factor Tbr2 (also known as Eomes) is critical for the survival of a
subpopulation of RGCs (Mao et al., 2008; 2014; Sweeney et al., 2014). Like Tph2C'e, Thr2
is expressed mainly in the GCL and turns on early in ganglion cell genesis, at ~E14 (Mao et
al., 2008). Our rationale was that if Thr2 is present in luminance-sensing RGCs but not other
RGC types, then removing Thr2 would lead to an early loss of RGCs projecting to the OPN
and mdPPN.

We immunostained retinas for Tbr2 in various lines of transgenic mice that each have GFP
in different subtypes of RGCs (Figure 3A-3R) (Dhande et al., 2015) and found that Thr2
was highly expressed by luminance-sensing RGCs labeled in Cdh3-GFP (Figure 3A-3C and
3S) and Opn4-GFP mice (Figure 3D-3F and 3S). By contrast, we observed little or no
expression of Thr2 in other RGC types (Figure 3G-3R and 3S). A small percentage (9%) of
slow-DSGCs, labeled by Hoxd10-GFP, did express Thr2, however because < 3% of
Hoxd10-RGCs expressed both Tbr2 and Tph2C€ (Figure S1) those cells are not vulnerable
to Cre-dependent manipulations of the sort we describe here and thus should have a minimal
effect on RGCs important for image stabilization. Thr2 was not found in any retinorecipient
subcortical nuclei (Figure S2; see also Sweeney et al. 2014) and thus the consequences of
our genetic manipulation should be of retinal origin.
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The overlap between Tbr2 and Tph2€" in RGCs was substantial (Figure 3T-3W).
Immunostaining confirmed that whereas Thr2* RGCs made up only approximately a quarter
of the total Tph2C"e population (Figure 3Y), the vast majority (82%) of Tbr2* RGCs
expressed Tph2C'e (Figure 3X). The expression of both Thr2 and Tph2C'€ in nearly all
luminance-sensing RGCs (Figure 3Z) raised the opportunity to exploit the requirement of
Thr2 for neuronal survival to selectively ablate retinal input to the OPN and mdPPN early in
development and thereby explore the impact of that removal on targeting of slow-DSGCs
and that normally target nearby regions of brainstem.

Conditional deletion of Tbr2 in luminance-sensing RGCs causes early depletion of their
axon projections to the visual brainstem

To assess the impact of conditionally removing Tbr2 from Tph2C'e cells, we generated
Tbr2f/fl:Tph2Cre:Cdh3-GFP (cKO) mice (Figure 4A). Examination of retinas revealed a near
complete loss of Cdh3-RGCs compared to littermate controls (wildtype) (Figure 4B-4C).
Next we labeled all RGC axons using CTb-594 (magenta) and examined the CTh™*
retinorecipient zones in the brainstem for the presence of Cdh3-RGC axons (green) in cKO
and control mice at P20 — a stage after retinofugal wiring and axon-target specificity is
completed (Osterhout et al., 2014) (Figure 4D-40). Whereas normal inputs to the OPN and
mdPPN were present in all control mice (Figure 4E and 4K) (Osterhout et al., 2011; 2014),
in cKOs the OPN (Figure 4H) and mdPPN (Figure 4N) were notably devoid of axons from
Cdh3-RGCs (schematized in Figure 4Q). Measurements of the percentage of target space
innervated by Cdh3-RGC axons confirmed that conditional removal of Thr2 from Tph2Cre
RGCs resulted in a significant loss of GFP* axon terminal fields in both OPN and mdPPN
(Figure 4P). A very sparse pattern of retinal innervation was seen in the OPN of some mice
but the vast majority of RGC inputs to OPN (~80%) were ablated (Figure 4G, schematized
in Figure 4Q).

The absence of Cdh3-RGC axons connecting to the OPN and mdPPN in cKO mice on P20
does not necessarily indicate that Cdh3-RGC axons failed to everreach those targets. To
further explore how this phenotype arose, we examined Cdh3-RGC innervation at an earlier
age, P7, in both the cKO mice and their wildtype littermates (Figure S3). Similar to the
phenotype observed at P20, Cdh3-RGC axons were missing from the OPN and mdPPN of
cKO mice (Figure S3A-S3F and S3M-S3R). Additionally, whereas Cdh3-RGC axons
transiently project to the superior colliculus (SC) in controls (Osterhout et al., 2011; 2014),
such projections were absent from cKOs at this age (Figure S3S-S3X). Cdh3-RGC axons
were observed in the medial terminal nucleus (MTN) of both wildtype and cKO mice at P7
(s) - an age when they typically project to and then later withdraw from this target
(Osterhout et al., 2014). These findings indicate that Thr2 conditional mutations can be used
to delete specific sets of Cre-expressing RGCs; in this case, specifically the RGCs that
project to the midbrain nuclei controlling PLR. Moreover, this ablation is achieved prior to
when a different population of RGCs- the image-stabilizing slow-DSGCs, are just beginning
to innervate adjacent targets in pretectum (Osterhout et al., 2014).
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Lack of cross-wiring among parallel retinofugal pathways to brainstem

Connections between slow-DSGCs and the NOT form part of the accessory optic system
(AOS) and play a critical role in maintaining stable visual perception during movement.
Slow-DSGCs encoding for forward motion, are labeled in the Hoxd10-GFP line (Dhande et
al., 2013), project to the NOT and are important for generating reflexive horizontal eye
movements to compensate for retinal slip (Dhande et al., 2015; Osterhout et al., 2015). The
NOT resides directly between OPN and mdPPN and slow-DSGCs that innervate NOT arrive
well after Cdh3-RGCs innervate their targets (Osterhout et al., 2014). Thus, we tested
whether vacating the targets of early-innervating Cdh3-RGCs enables the later-arriving
Hoxd10-RGCs to enter and form connections with OPN and mdPPN as a direct test of the
extent to which parallel retinofugal pathways can ‘cross-wire’ in each others’ absence.

We examined CTh-labeled RGC axons (magenta) and Hoxd10-RGC axons (cyan) in cKOs
and wildtype littermates on P20 (Figure 5). In cKOs, GFP* axons continued to avoid the
OPN (Figure 5E) and mdPPN (Figure 5Q) (schematized in Figure 5T). Moreover,
innervation of their normal targets, NOT and MTN, appeared undisrupted (Figure 5K and
5Q). No significant change in the innervation pattern of Hoxd10-RGCs was found in cKO
mice when compared to wildtype (Figure 5S).

In theory, Hoxd10-RGC axons could have entered the OPN and mdPPN early and then
retracted their axons from these targets before the time we initially studied. Therefore, we
looked at their projection pattern in cKO mice, in the first postnatal week (P5-P8), when
these RGCs begin to innervate pretectum (Figure S4). Again, they were absent from OPN
(Figure S4E) and mdPPN (Figure S4Q) and no significant differences in the percent of
retinorecipient targets innervated by Hoxd10-RGC axons were found (Figure S4S).

Apparently, regardless of whether or not the OPN and mdPPN are occupied by luminance-
sensing RGC axons, slow-DSGC axons that enter this general region still avoid these targets
(Figure 5 and S4). However, all RGCs traverse through the retinofugal pathway together
which led us to explore for potential impacts on other RGC types. We next examined
projections from the posterior-tuned On-Off DSGCs expressing TRHR-GFP in cKO mice
(Figure S5). TRHR-RGCs form part of image-forming pathway; their main targets are the
dorsal lateral geniculate nucleus (dLGN) shell and SC (Huberman et al., 2009; Rivlin-Etzion
et al., 2011). Analogous to Hoxd10-RGCs, the TRHR-RGCs begin entering their targets
after the first postnatal week while coursing past the OPN and mdPPN (Osterhout et al.,
2014). In cKOs, these DSGCs did not enter OPN (Figure S5K) or mdPPN (Figure S5Q),
similar to slow-DSGCs. TRHR-RGCs maintained their normal projections to the shell of
dLGN (Figure S5) and the SC (Figure S5T) in cKO mice (Figure S5E and S5W) (Figure
S5Y). Taken together, these results reveal that even if the OPN and mdPPN lack their typical
input from luminance-sensing RGCs, other RGC types continue to avoid these nuclei. This
suggests that availability of target space is not a key factor in guiding the axon-target
matching process in pretectum.
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A subset of ipRGCs escapes Tph2C®-mediated genetic ablation

Visualization of all RGC axons indicated that some remain present in the OPN of cKO mice,
but which RGC type do they originate from? Cdh3-GFP only labels a subset of RGCs
projecting to the OPN, therefore we used the Opn4-GFP mouse line, which marks all
luminance-sensing RGCs, to see whether any of these cells were spared by the Cre-mediated
ablation (Figure 6A-6M and S6). Indeed we found that although there were very few, Opn4-
RGC axons were present in the OPN of cKOs (Figure 6E and 6K). To further confirm that
the retinal input in cKO mice is from spared ipRGCs, we injected a glycoprotein-deleted
modified rabies virus encoding mCherry (AG-RABV-mCherry) into OPN to retrogradely
infect RGCs and found that these RGCs express Opn4-GFP (Figure S6, n = 2 out of 2
RGCs). Although nearly all Opn4-RGCs express Thr2 (Figure 3D-3F and 3S),
approximately 15% of luminance-sensing RGCs did not have Tph2C'e (Figure 2P-2R).
Thus, Tbr2 would not be deleted in the cells lacking Cre and consequently would evade
genetic ablation.

Effects of ablating luminance-sensing RGCs on the poly-synaptic PLR circuit

What changes might occur along the PLR circuit (Figure 1F) to compensate for the lack of
retinal input? To begin to investigate whether there are any affects on postsynaptic cells in
OPN, we first stained for parvalbumin (PV), a marker for a population of OPN cells
(Prichard et al., 2002; Osterhout et al., 2011), in wildtype and cKO mice (Figure 6N-6S).
We found that there was a significant decrease in the number of PV* cells in cKOs (Figure
6R and 6T). This suggests that loss of retinal input leads to either a reduction in PV
expression in OPN or alternatively could indicate neuronal loss in this nucleus. To determine
if the latter occurred, we examined the number of cells in OPN of wildtype and cKO mice
using the fluorescent Nissl stain, NeuroTrace (Figure S7). The reduction in PV expression in
the OPN was not due to loss of these cells as there was no difference in overall cell number
in cKOs compared to littermate controls (Figure S71).

Since the connections between OPN and EW are crucial downstream connections for driving
PLR, we next examined the OPN cells that are directly connected to EW via retrograde
tracing (Figure 6U-6CC). Injection of AG-RABV into EW (Figure 6U, 6V and 62)
retrogradely labeled cells in the OPN of both cKOs (Figure 6W-6Y) and littermate controls
(Figure BAA-6CC). These results indicate there may be cellular changes occurring within
the OPN following the loss of sensory input but the output neurons and their connections to
EW are intact.

The remaining PLR pathway functions normally in the absence of sensory input

One of the main functions of the OPN and its connections is to generate the PLR or
contraction of sphincter pupillae muscle in the iris which reduces pupil size to compensate
for increases in illumination (Figure 1F) (Gamlin 2006). This prevents image saturation as
well as adjusts the depth of field to see sharply across a wide range of distances (Figure 1G)
(Campbell and Gregory, 1960; Do et al. 2010). We observed a near complete loss (~80%) of
the typical input to OPN in cKOs that was not compensated for by other RGC types. How
does this affect the functional output of the PLR circuit? To assess this we recorded and
measured pupil size of wildtype and cKO mice from when the pupil was fully dilated after
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dark adaption (baseline), during stimulation with light (470 nm) within the peak spectral
sensitivity of melanopsin (constriction), and post-illumination (relaxation) (Figure 7A-T71).
At low (Figure 7A-7C) and moderate (Figure 7D-7F) light intensities pupil constriction was
significantly attenuated in cKOs compared to controls. However, at high light intensity, PLR
was not altered in cKO mice (Figure 7G-71). During light stimulation, the pupil of cKOs
reached and maintained a peak constriction equivalent to wildtype (Figure 7G-71). The
major loss of retinal input to OPN following Cre-dependent deletion of Thr2 produces
weakened constriction of the pupil in response to light at low to moderate intensities,
however, high levels of light can counteract the deficit to retinal input and generate a normal
PLR response.

Chemogenetic activation of the neurons along the PLR pathway leads to pupil constriction

Our PLR experiments using high intensity light demonstrated that this type of intense
stimulation is sufficient to drive the circuit to produce a normal pupil constriction (Figure
7G-T71). In order to drive cells at different stations along the PLR pathway, we turned to the
use of chemogenetic tools employing designer receptors exclusively activated by designer
drugs (DREADDS) (Urban and Roth, 2015). The DREADD, human M3 muscarinic designer
receptor (hM3D) can be expressed in cells through an adeno-associated virus (AAV)
delivery system and exposure of this receptor to the synthetic ligand clozapine- /-oxide
(CNO) activates its Gq-mediated signaling leading to neuronal excitation (Figure 7J).
Previously, our lab revealed that bath application of CNO during /n vitro whole-cell
recordings from RGCs infected with hM3D leads to a drastic increase in spike firing of these
cells (Lim et al., 2016). Moreover, peripheral administration of CNO can produce behavioral
effects for up to 6 hours (Whissell et al., 2016).

First we tested whether pupil constriction could be induced in the absence of light by
chemogenetically activating either Tph2C® RGCs (Figure 7L) or a random RGC population
(Figure 7M). We infected RGCs through intravitreal injection of AAVs to express either Cre-
dependent (Figure 7L) or non-Cre-dependent (Figure 7M) hM3D. Several weeks later, the
pupils of these mice were recorded in the dark pre- and post-CNO injection (Figure 7K).
Injection of CNO should produce a chemogenetic driven PLR in darkness through activation
of retinal cells expressing hM3D and we did indeed see this in wildtype animals (Figure 7L—
7M). However, activation of Tph2C™® RGCs expressing Cre-dependent hM3D in ¢cKO mice
produced little or no pupil constriction (Figure 7L), which was expected due to the loss of
Cre-expressing RGCs that project to OPN (see Figure 4). Conversely, when a non-Cre-
dependent hM3D was used, pupil constriction was observed in the dark following CNO
injection in both wildtype and cKO mice (Figure 7M). Most likely in cKOs, injection of
CNO activates spared ipRGCs (see Figure 6) infected with the non-Cre-dependent hM3D.

Next we wanted to directly activate postsynaptic neurons of luminance-sensing RGCs in
OPN to further test function along the PLR pathway. We bilaterally injected an AAV into the
OPN in both hemispheres to express non-Cre-dependent hM3D (Figure 7N). When OPN
neurons expressing hM3D were activated by injection of CNO, constriction of the pupil was
observed in darkness in both wildtype and cKO mice (Figure 7N). The amount of pupil
constriction in cKOs was significantly larger than that seen in controls (Figure 7N). One
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possibility is that this reflects compensatory changes to diminished sensory input such as
increased excitability of OPN neurons in cKOs. Together these results show that strong,
direct stimulation of spared luminance-sensing RGCs or OPN neurons leads to pupil
constriction in cKO mice. Even with reduced sensory input, PLR circuits seem to retain their
appropriate connectivity and function, suggesting that the neurons and their circuits
downstream of luminance-sensing RGCs develop independently of their RGC input.

DISCUSSION

Here we examined how parallel poly-synaptic circuits develop in the mammalian visual
system. By focusing on two distinct sets of retinal output circuits that each target the
brainstem and control distinct reflexes, we discovered that point-to-point and parallel visual
circuits emerge independently. Disruption of any one set of connections did not alter the
adjacent parallel pathway at the level of axon-target matching, downstream circuit wiring, or
function. Specifically, we found that Tph2C"-mediated ablation of Tbr2 RGCs leads to a
massive reduction of luminance-sensing input to the OPN and mdPPN. Nevertheless, the
newly available territory in these targets was still avoided by other RGC types, such as slow-
and On-Off DSGCs. Moreover, circuits downstream of the deafferented targets maintained
functionality in response to chemogenetic stimulation, highlighting the extent to which each
point-to-point connection in this system wires up independently.

A minimum of RGCs is sufficient to drive PLR behavior

Cellular and

Some ipRGCs escape our genetic ablation and even though they provide minimal input to
the OPN in cKOs, remarkably, they can drive the PLR circuit when it is stimulated by high
intensity, short-wavelength light. Indeed, the remaining few retinal afferents drove maximal
constriction in a manner similar to wildtype animals. This indicates that the degree of reflex-
generating excitation at retina-to-OPN synapses is likely to be extremely reliable. The
implication therefore is that entry of any abnormal RGC afferents to this target would be
highly disruptive to the function of the circuit because the receptive field properties of those
mis-projecting cells (e.g., DSGCs) would then drive the PLR under abnormal conditions.
Protecting reflex circuits from abnormal afferent entry and function therefore may be a
general property of mammalian CNS circuits set up by the availability of guidance cues.

molecular constraints on parallel pathway wiring

Previous work demonstrated that Cre-dependent removal of Thr2 leads to RGC death, with
ipRGC:s particularly susceptible and to reduced retinal innervation of several targets,
including OPN and mdPPN (Mao et al., 2008; 2014; Sweeney et al., 2014). Here we used
the Tph2C'@ line to delete Thr2 and because of its projection pattern in pretectum as well as
its overlap with Thr2 and luminance-sensing RGCs, the Thr2 mutation eliminated virtually
all retinal input to the OPN and mdPPN without affecting retinal innervation of the
neighboring NOT. Our examination of projections from genetically labeled RGC types
following the loss of Thr2 provides insight into subsequent changes to specific retinal
populations and their central projections.
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How might the developmental timing of RGC axon growth impact axon-target stringency in
the visual brainstem? Cdh3-RGC axons are some of the first retinal projections to enter the
brain and thus represent *pioneers’, they grow through a relatively axon-free environment
compared to later-arriving RGC axons, allowing them ample opportunity to innervate
retinorecipient targets as well as transiently enter inappropriate nuclei along the way, which
they do (Osterhout et al., 2014). In theory, because luminance-sensing RGCs enter and
establish themselves in pretectal targets as well as transiently mis-wire to other RGC targets
we expected that their early, large-scale removal would allow other RGC axons to take over
vacated OPN and mdPPN (*axon competition’; Figure 1D). This was not the case, however;
a normal innervation pattern of slow- and On-Off DSGCs persisted with reduced luminance-
sensing retinal input to pretectum following genetic ablation. So rather than competitive
interactions, axon-target matching in developing parallel pathways is likely governed by
molecular matching mechanisms that do not tolerate cross-wiring. Molecular regulation of
navigating axons prevents wiring errors that could potentially compromise normal function.
This is distinct from eye-specific and retinotopic mapping which do involve competitive
interactions (Huberman et al., 2008) and is similar to *stringent specificity’ described for
cell-cell target specific matching in the spinal system (Betley et al., 2009; Figure 1E).

Studies from several labs have begun to reveal some of the targeting molecules and receptors
involved in axon-target matching in the mouse visual system (Osterhout et al., 2011; 2015;
Suetal., 2011; 2013; Sun et al., 2015). Disruption of these molecular-mediated attractive
forces results in diminished axonal termination within their proper central targets and
misrouted axons, suggesting that RGCs fail to recognize and innervate their proper targets.
For example, the adhesion molecule, cadherin-6 (Cdh6) is expressed both by Cdh3-RGCs as
well as cells in their central targets such as OPN and in Cdh6 mutant mice Cdh3-RGC axons
display targeting deficits (Osterhout et al., 2011). Perhaps slow-DSGCs are not able to enter
the vacant OPN and mdPPN in Thr2 cKOs because they lack an attractive or adhesive cue,
such as Cdh6. A non-mutually exclusive explanation is that, regardless of OPN availability,
the expression of adhesive cues such as contactin-4 (Osterhout et al., 2015) and attractive
guidance cues like members of the semaphorin-plexin family of axon guidance molecules
(Sun et al., 2015) allows slow-DSGCs to select the NOT and other targets appropriate for
their function because those targets are more molecularly attractive for that RGC type. Even
though newly available territory in OPN is accessible following the loss of luminance-
sensing RGCs, the continued presence of the normal pretectal target for slow-DSGCs may
prevent miswiring of these RGC axons. Earlier studies examining miswiring of connections
across different sensory modalities demonstrated that cross-wiring is unable to occur by
merely opening up space in a nearby target. Only when targets are vacated and the normal
target is ablated do axons go into the incorrect target (Roe et al., 1990; Sur et al., 1990; von
Melchner et al., 2000).

Light-intensity-dependent influences on PLR behavior in ipRGC deficient mice

We examined the functional output of retinal-OPN connections in cKOs and found that the
effect of losing luminance-sensing input on PLR was dependent on light intensity. Under
lower light conditions, PLR was significantly perturbed following genetic ablation of
luminance-sensing RGCs. When we used very high intensity blue light or sustained
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chemogenetic activation of RGCs or OPN neurons, PLR was unaffected in cKOs. This is
comparable to what was previously seen for 7br2foX/flox-0pn4Cre’* - z/EG mice (Mao et al.,
2014). These mice lose 90% of ipRGCs and exhibit only a mild deficit in pupil constriction
compared to wildtype mice when using high irradiance levels.

Finally, how does the behavioral output of the PLR pathway function relatively normally
with negligible retinal input? The answer to this question has relevance to understanding
how poly-synaptic circuits wire up and maintain plasticity in the mammalian brain. One
possibility is that high intensity light can maximally drive the remaining luminance-sensing
RGCs to provide normal functional output. Consistent with this, an earlier study determined
that only about 17% of ipRGCs are necessary to drive full pupil constriction (Gller et al.,
2008). Other contributing factors might possibly arise from changes within the OPN itself,
either OPN neurons or nonretinal afferents from other areas of the brain, and/or alterations
in the downstream cells and connections within the PLR pathway. Our experiments
retrogradely labeling OPN cells from EW revealed that those projection neurons are present
and appear normal in connectivity in cKOs. Studies in rat (Jeffery, 1984) and ferret (Crowley
and Katz, 1999; 2000) demonstrated that some features of geniculocortical projections are
preserved following early eye removal. Taken together with our results this suggests that
early loss of retinal input does not lead to postsynaptic neuronal death in subcortical targets.
However, the significant reduction of PV expression in the OPN reveals that targets do alter
their internal circuitry and/or molecular expression in response to deafferentation. The
consequence of diminished PV on OPN functional output requires further investigation and
the cell type specific efferent connections of OPN are yet to be clearly defined.

Conclusions and implications for regeneration

Our study unveils a remarkable refractoriness of visual parallel pathways and their
downstream circuits to selective loss of one set of sensory afferents during development.
This resilience makes sense in light of the adaptive nature of sensory-driven adaptive
reflexes such as the PLR and optokinetic reflex (OKR). Developmental constraints such as
those described here are critical for models of regeneration, which is essentially an attempt
to recapitulate developmental wiring, albeit to varying degrees depending on the lesion size
and location (Laha et al., 2017). The findings presented here are consistent with the re-
establishment of retino-OPN and retino-AQS connectivity observed in RGCs stimulated to
regenerate by combined mTOR enhancement and neural activity (Lim et al., 2016). In that
study, regenerating RGCs were able to pathfind back to their targets and restore behaviors.
Thus, target specificity of retinal axons controlling reflexive behaviors appears to be firmly
hard-wired and resistant to perturbations that might compromise the functional output of
their pathways.

EXPERIMENTAL PROCEDURES

Animals

Mice of either sex were used and ranged in age from E13.5 to 2-months old. Cdh3-GFP
(Osterhout et al., 2011), Opn4-GFP (Lim et al., 2016), Hoxd10-GFP (Dhande et al., 2013),
DRD4-GFP (Rivlin-Etzion et al., 2011), TRHR-GFP (Huberman et al., 2009; Rivlin-Etzion
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etal., 2011), CB2-GFP (Huberman et al., 2008b), and Tph2C'® (stock no. 036634-UCD)
mouse lines were obtained from MMRRC. The floxed Tbr2 line (stock no. 017293) was
acquired from Jackson Laboratory. Animals were housed on a 12h light/dark cycle, behavior
was done at consistent hours during the light cycle. All experimental procedures were in
accordance with NIH guidelines and approved by the Institutional Animal Care and Use
Committees at the University of California, San Diego and Stanford University School of
Medicine.

Intravitreal injections of tracers and viruses

1-2pL of AAV2-hSyn-DIO-hM3D(Gq)-mCherry or AAV2-hSyn-hM3D(G1)-IRES-mCitrine
(UNC Gene Therapy Vector Core) or the CTb conjugated to Alexa Fluor 488, 594 or 647
(Invitrogen) were injected into the vitreal chamber of the eye using a Hamilton syringe as
described previously (Huberman et al., 2008b). CTh-injected animals were given a 1-2d
survival period to allow tracer to travel down and label all RGC axons. AAV-injected
animals were given 3—-4w survival period to allow for virus experssion.

Stereotaxic brain injections of viruses

Stereotaxic injections of virus (~100nl) were made with a small glass pipette attached to a
Nanoject 11 (Drummond). AG-RABV-mCherry (GT3 Core Facility of the Salk Institute) was
injected into EW to label presynaptic cells within OPN (midline, 3.8mm posterior to
Bregma, 3.1 mm from pial surface). To retrogradely label RGCs from OPN, AG-RABV-
mCherry was injected 0.6mm lateral to midline, 2.5mm posterior to Bregma and 2.25mm
from the pial surface. A 4-5d survival period was given to allow rabies to infect and express
mCherry in presynaptic cells. To express hM3D in OPN cells, AAV8-hSyn-hM3D(Gg)-
mCherry (UNC Gene Therapy Vector Core), was injected at the coordinates stated above
and mice had a 3—4w survival time.

Immunohistochemistry

Mice were transcardially perfused, brains were harvested and postfixed in 4%
paraformaldehyde (PFA)(24h at 4°C), then sectioned coronally at 45um following
cryoprotection with 30% sucrose. Eyes were removed, postfixed in 4% PFA (4h,at 4°C),
then the retina was extracted and relieving cuts were made to allow it to lay flat.

To isolate embryos, impregnated animals were euthanized and the uterus was dissected out.
Embryos were removed, separated from the placenta and yolk sac, then postfixed in 4% PFA
(24h at 4°C). Following cryoprotection, embryo heads were embedded in Tissue-Tek O.C.T.
compound (Sakura), 25um cross sections were made using a cryostat.

Tissue was incubated overnight at 4°C in primary antibodies and incubated for 2h at room
temperature with appropriate secondary antibodies. Primary antibodies: chicken anti-GFP
(1:1,000; Aves Labs, GFP-1020), goat anti-GFP (1:2,000, Abcam, ab6673), rabbit anti-GFP
(1:1,000; Invitrogen, A6455), rabbit anti-melanopsin (1:1,000; Advanced Targeting Systems,
AB-N39), mouse anti-PV (1:1,000; Sigma, P3088), guinea pig anti-RBPMS (1:2,000;
PhosphoSolutions, 1832-RBPMS), rabbit anti-RBPMS (1:2,000; PhosphoSolutions, 1830-
RBPMS), chicken anti-Thr2 (1:1,000; Millipore, AB15894), rabbit anti-Tbr2 (1:1,000;
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Abcam, ab23345). Species-specific secondary antibodies conjugated to Alexa Fluor 488,
594 or 647 (1:1000, Invitrogen and Jackson Laboratory) were used. For Nissl staining,
sections were incubated in NeuroTrace 530/615 (1:100 in PBS; ThermoFisher Scientific,
N21482) for 20 min.

Quantification of percentage of target area occupied by GFP-expressing axons

Avrea fraction measurements were quantified in ImageJ as described previously (Osterhout et
al., 2014). Background was measured and subtracted. The area fractiontool was used to find
the % of target occupied by GFP* axons. Measurements were taken from 2-5 tissue sections
depending on target size and age.

Cell number quantification

Cell counts were taken from 3-5 sections containing OPN. All PV* cells in OPN within the
plane of focus were counted. An automated cell counter in ImageJ determined the total cell
number (Nissl bodies) within a 200um x 200um area of OPN.

Pupillometry

Mice were dark-adapted in their home cage for 2h prior and experiments were performed
under infrared illumination. Unanesthetized mice, previously habituated to handling to
minimize stress, were gently restrained by hand for the duration of recordings. For light-
induced PLR, a single blue LED (470nm; Thorlabs, M470L3) was placed approximately
4cm from one eye. An infrared camcorder (Panasonic, HC-W850) placed on the opposite
side of the head recorded the pupil before, during and after light stimulus. For
chemogenetic-induced PLR, mice were in the dark for the entirety of the experiment and the
pupil was recorded before and following injection of clozapine-A-oxide (CNO; I.P., 1mg/kg;
Tocris Bioscience; dissolved at 1mg/ml in DMSO (0.5%)/saline). For light- and
chemogenetic-induced PLR, the consensual pupil response of the eye contralateral to the
stimulated eye was recorded.

PLR data analysis

Individual frames were extracted from videos to quantify pupil size. For light-induced PLR,
frames were extracted every 5s from t = =5s to t = 50s. Pupil diameter was calculated for
each frame and normalized to the diameter of the eye in the same frame in ImageJ. Pupil
area was calculated for each time point relative to the initial dark adapted pupil size (t =
-5s). For chemogenetic-induced PLR, frames were extracted before CNO (pre-) and 1h
following CNO injection (post-). The post-CNO pupil area was calculated relative to pre-
CNO pupil size.

Statistical analysis

To determine statistical significance, we used Student’s #test for comparing 2 groups of
mice (WT versus cKO). Statistical tests were performed with Prism v6 software (GraphPad).
All data in graphs represent mean + SEM. The level of significance was set at p < 0.05.
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Figure 1. Retinal connections to pretectum and circuitry controlling pupillary light reflex
(A) Sensations drive adaptive behaviors via pathways from peripheral sensory neurons to the

NMJ. (B) Projection pattern of functionally distinct RGC subtypes. dLGN, dorsal lateral
geniculate nucleus; IGL, intergeniculate nucleus; vLGN, ventral lateral geniculate nucleus;
mdPPN, medial division of the posterior pretectal nucleus; MTN, medial terminal nucleus;
NOT, nucleus of the optic tract; OPN, olivary pretectal nucleus; SC, superior colliculus. (C)
Normal RGC targeting of pretectum. (D-E) Potential outcomes of losing luminance-sensing
RGC input. (F) Schematic of PLR circuit. CG, ciliary ganglion; EW, Edinger-Westphal
nucleus; OPN, olivary pretectal nucleus. (G) Role of pupil constriction.
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Figure 2. Tph2C"® allows for manipulation of luminance-sensing RGCs
(A) Cre* mice crossed to a reporter line to visualize Tph2C'e, Right panels, Tph2Cre -

tdTomato (red) in embryo and whole-mount retina. Scale bar, 800um. (B-I) Developmental
retinal expression of Tph2C'e, (B-D) Transverse cryosections of eye at different embryonic
ages. GCL, ganglion cell layer; ONH, optic nerve head. Scale bar, 50um (B), 100um (C and
D). (E-I), High-magnification images of cryosections. Scale bars, 50um. (J-R) Whole-
mount retinas from Tph2C" mice. (J-L) Cre cells (red) stain for RGC marker, RBPMS
(blue). (M-0) 90% of Cdh3-GFP RGCs (green) express Tph2€'e (red). (P-R) 84% of
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melanopsin* RGCs (cyan) express Tph2C'e (red). Arrowheads indicate colabeling. Scale bar,
25pum. (S) Eyes of Tph2C"e-tdTomato mice were injected with CTb-488 (green). (T-Y) All
RGC (CTb, green) and Tph2C"™ RGC (red) axons in pretectum. Scale bar, 200um (T, V, X);
100um (U, W, Y). mdPPN, medial division of the posterior pretectal nucleus; NOT, nucleus
of the optic tract; OPN, olivary pretectal nucleus; cOPN, caudal OPN.
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Figure 3. Tbr2 is expressed by a subset of RGCs
(A-R) Whole-mount retinas from transgenic mice expressing GFP in different RGC

subtypes (green) immunostained for Tbr2 (purple). Luminance-sensing: Cdh3-GFP (A-C),
Opn4-GFP (D-F); image-stabilizing: Hoxd10-GFP (G-I); posterior-tuned On-Off DSGCs:
TRHR-GFP (J-L), DRD4-GFP (M-0); transient-OFF alpha RGCs: CB2-GFP (P-R).
Arrowheads indicate colabeling and dashed circles indicate GFP only. Scale bar, 50um. (S)
Quantification of % of GFP* RGCs expressing Thr2. Data are represented as mean + SEM
(n = 2-3 mice). (T-W) Retinas from Tph2C"e-tdTomato mice immunostained for Tbr2 and
RBPMS. Arrowheads indicate Tph2C™ expression in Tbr2* RGCs (RBPMS*) and dashed
circles indicate Thr2* RGCs only. Scale bar, 25um. (X) Quantification of % of Thr2* RGCs
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expressing Tph2C'e. (YY) % of Tph2C"™ RGCs expressing Tbr2. Data are represented as mean
+ SEM (n = 3 mice). (Z) Summary Venn diagram. See also Figures S1 and S2.
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Figure 4. Conditional deletion of Tbr2 results in major loss of luminance-sensing RGCs and their

axons

(A) Floxed Thr2 strain crossed to the Tph2C'® line to generate cKO mice (Tbr2f/fl: Tph2Cre)
mice and littermate controls (Thr2f/+; Tph2Cre; wildtype; WT). (B—-C) Whole-mount retinas
from WT (B) and cKO (C) mice with Cdh3-RGCs. Scale bar, 100 um. (D-0) All RGC
(CTb-594, magenta) and luminance-sensing RGC (Cdh3-GFP, green) axons in pretectum of
WT (top panels) and cKO (bottom panels) mice. Scale bars, 100 um. (P) Quantification of %
of target innervated by Cdh3-GFP axons in WTs (dark gray) and cKOs (light gray). Data are
represented as mean + SEM (n = 3 mice per group); **p < 0.005, ***p < 0.001, Student’s #
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test. (Q) Summary schematic. mdPPN, medial division of the posterior pretectal nucleus;
OPN, olivary pretectal nucleus. See also Figure S3.
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Figure 5. Eliminating one eye-to-brain pathway does not affect the innervation pattern of axons
from other RGC types

(A-R) All RGC (CTb-594, magenta) and slow-DSGC (Hoxd10-GFP, cyan) axons in
wildtype (WT; top panels) and cKO (bottom panels) mice. Scale bars, 100um (A-F); 200um
(G-R). mdPPN, medial division of the posterior pretectal nucleus; MTN, medial terminal
nucleus; NOT, nucleus of the optic tract; OPN, olivary pretectal nucleus. (S) Quantification
of % of target innervated by Hoxd10-GFP axons in WT (dark gray) and cKO (light gray)
mice. Data are represented as mean = SEM (n = 3 mice per group); Student’s #test. (T)
Summary schematic. See also Figures S4 and Sb5.
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Figure 6. Poly-synaptic effects following ablation of most luminance-sensing RGCs
(A-L) All RGC (CTb-594, magenta) and luminance-sensing RGC (all ipRGCs, Opn4-GFP,

light green) axons in wildtype (WT; top panels) and cKO (bottom panels) mice. Scale bars,
100um (A-F); 200um (G-L). (M) Summary schematic. See also Figure S6. (N-S) All RGC
axons (CTb-488, green) and PV-expressing cells (purple) in WT (top panels) and cKO
(bottom panels). Scale bar, 100um. (T) Number of PV* cells in OPN of WTs (dark gray) and
cKOs (light gray). Data are represented as mean + SEM (n = 12-14 mice per group); ****p
< 0.0001, Student’s ~test. See also Figure S7. (U) Injection schematic. (V-CC) AG-RABV
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injection site in WT (V) and cKO (Z) mice and corresponding sections of OPN showing all
RGC axons (CTh-488, green) and cells retrogradely labeled from EW (red) in WT (W-Y)
and cKO (AA-CC). cOPN, caudal OPN; EW, Edinger-Westphal nucleus; mdPPN, medial
division of the posterior pretectal nucleus; NOT, nucleus of the optic tract; OPN, olivary
pretectal nucleus. Scale bars, 100um (W-Y and AA-CC); 800um (V and Z).
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Figure 7. The effect of luminance-sensing RGC ablation on light- and chemogenetic-induced
PLR

(A-1) PLR in response to a single blue LED at 100 (A-C), 1,000 (D-F), and 10,000 lux (G-
). (A, D, G) Examples of pupil size following dark adaptation, peak pupil constriction
during light stimulation, and relaxed pupil size following light stimulation in wildtype (WT;
top panels) and cKO (bottom panels) mice. (B, E, H) PLR time course in WT (dark gray)
and cKO (light gray) mice plotted as pupil area relative to baseline pupil size. (C, F, I)
Quantification of % of peak pupil constriction in WT (dark gray) and cKO (light gray) mice.
Data are represented as mean = SEM (h = 9-10 mice per group for B-C, E-F; 3—4 mice per
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group for H-1); **p < 0.005, ***p <0.001, Student’s #test. (J) Diagram of G4-coupled
hM3D receptor. (K) Experimental timeline. (L—N) PLR analysis in response to
chemogenetic activation of RGCs (L and M) or OPN neurons (N). Schematics of intravitreal
or stereotaxic injections of hM3D viruses (top panels). Examples of pupil size before (pre-)
and after (post-) CNO injection in WT and cKO mice (bottom left panels). Quantification of
% of peak pupil constriction in WT (dark gray) and cKO (light gray) mice after injection of
CNO (bottom right panels). Data are represented as mean + SEM (n = 3-6 mice per group);
*p<0.05, **p < 0.01, Student’s +test. AAV, adeno-associated virus; CNO, clozapine-/A\-
oxide; hM3D, human M3 muscarinic designer receptor; hSyn, human synaptophysin.
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