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Abstract 25 

Visual input to the hypothalamus from intrinsically photosensitive retinal ganglion cells 26 

(ipRGCs) influences several functions including circadian entrainment, body temperature, 27 

and sleep. ipRGCs also project to nuclei such as the supraoptic nucleus (SON), which is 28 

involved in systemic fluid homeostasis, maternal behavior, and appetite. However, little is 29 

known about the SON-projecting ipRGCs or their relationship to well-characterized 30 

ipRGC subtypes. Using a GlyT2Cre mouse line, we identify a subtype of ipRGCs restricted 31 

to the dorsal retina that selectively project to the SON. These ipRGCs form a non-32 

overlapping tiled mosaic that is limited to a dorsal region of the retina, forming a substrate 33 

for encoding ground luminance. Optogenetic activation of their axons demonstrates they 34 

release the neurotransmitter glutamate and that the SON is retinorecipient, receiving 35 

synaptic input from dorsal ipRGCs. Our results challenge the idea that ipRGC dendrites 36 

overlap to optimize photon capture and suggests non-image forming vision operates to 37 

sample local regions of the visual field. 38 

 39 

Introduction 40 
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In addition to the rod and cone photoreceptors that are used for image-forming vision, the 41 

mammalian retina contains intrinsically photosensitive retinal ganglion cells (ipRGCs) that 42 

primarily drive non-image forming behaviors1,2. ipRGCs express their own photopigment, 43 

melanopsin3, and project to a diverse array of central brain regions4-6 influencing many 44 

homeostatic functions including circadian entrainment, pupil constriction, body 45 

temperature, sleep and mood7-11. There are six main types of ipRGCs (M1-M6), which 46 

are categorized according to their dendritic morphology, melanopsin expression, gene 47 

expression, and central projection locations6,12. The most studied of these, the M1 48 

ipRGCs, have dendrites that occupy the OFF layer of the inner plexiform layer (IPL). They 49 

form the primary projections to the suprachiasmatic nucleus (SCN), which is the master 50 

circadian clock7,13-16, and the shell of the olivary pretectal nucleus (OPN), which serves 51 

as the primary site of light dependent pupillary constriction8,17,18. They also project to a 52 

number of lateral hypothalamic brain regions, such as the supraoptic nucleus (SON), 53 

ventral lateral preoptic area (VLPO), and medial amygdaloid nucleus, though the 54 

functional role of these projections remains unclear4,6,16.  55 

 56 

The retinal responses of M1 ipRGCs are suited to their primary role in non-image forming 57 

vision; their long and sustained responses to bright illumination reflect their comparatively 58 

high expression of melanopsin and weak photoreceptor-mediated synaptic drive from 59 

retinal bipolar cells6,19. These light responses are optimal for signaling absolute light 60 

intensity and driving behaviors that are slow, such as circadian entrainment, and the 61 

maintained component of the pupillary light reflex17,20,21. M1 ipRGCs were first thought to 62 

comprise a single, homogenous population however, the discovery of a sub-population 63 

lacking Brn3b expression18, the divergent projection patterns of M1 ipRGCs according to 64 

Brn3b expression 16,18, and the diversity of light responses within M1 ipRGCs22,23 together 65 

suggest there are multiple M1 subtypes mediating different roles in non-image forming 66 

behavior.  67 

 68 

The high density of M1 ipRGCs in the retina also suggests they comprise multiple 69 

subtypes. Conventional RGCs within a functional subtype are commonly arranged in 70 

evenly spaced mosaics where their dendrites form territories with minimal overlap24,25. 71 
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This arrangement is thought to optimize the sampling of visual space26-28 and reduces the 72 

encoding of redundant information, where each RGC subtype samples an even 73 

component of the visual field across the retina. Previous reports indicate M1 ipRGC 74 

dendrites are not territorial and they overlap considerably - about 4 fold29 . This might be 75 

due to their non-image forming role, where the even representation of visual space is 76 

forgone in favor of increasing their dendritic surface area, thus maximizing the surface 77 

area for photon capture. Alternatively, they might comprise multiple functional subtypes, 78 

each of which independently tiles the retina. We provide evidence for the latter, illustrating 79 

that like conventional RGCs, ipRGCs are arranged in mosaics optimal for the even 80 

representation of visual space. But the retinal distribution of ipRGCs and how this relates 81 

to specific subtypes of M1 ipRGCs has remained elusive. 82 

 83 

Here we provide the first evidence that like conventional RGCs, ipRGCs are arranged in 84 

a tiled mosaic optimal for the even representation of visual space. We use a combination 85 

of mouse genetics, confocal microscopy, anterograde and retrograde labelling, patch 86 

clamp recordings and optogenetics to describe a subtype of M1 ipRGCs that are found 87 

only in the peripheral dorsal retina. They form a regularly spaced mosaic within this region 88 

suggesting mice devote additional melanopsin-dependent processing power to their 89 

ventral visual field. This subtype of M1 ipRGCs forms the primary visual projection to the 90 

SON, and project to unique sub-regions of other non-image forming brain nuclei, like the 91 

SCN and IGL, where they release the excitatory neurotransmitter glutamate, despite 92 

having Cre expression driven by the promotor of the glycine transporter GlyT2.   93 

 94 

Results 95 

A unique population of ipRGCs encoding ventral vision  96 

We discovered RGCs in mice where Cre is driven by a BAC encoding the inhibitory 97 

glycine transporter GlyT2 (slc6a5 KF109;30 Fig. 1a). In these mice, Cre is expressed both 98 

in GABAergic and glycinergic neurons in the retina and brain31. In retina, Cre expression 99 

is overwhelmingly restricted to inhibitory amacrine cells such as the glycinergic AII 100 

amacrine cell 32. However, we also observed fluorescent axons in the ganglion cell layer 101 

(Fig. 1a), and when following them to the optic nerve head discovered they originated 102 
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solely from RGCs in the dorsal retina (Fig. 1c). Hypothesizing these RGCs likely represent 103 

a unique feature selective population in the retina, we sought to determine their functional 104 

identity by mapping their central axonal projections in the brain with Cre-dependent 105 

anterograde labelling of their axon terminals and their light responses and dendritic 106 

morphology with targeted electrophysiological recordings and Neurobiotin fills.  107 

 108 

To determine the location of the central projections of their axon terminals, we injected 109 

an AAV into the eye enabling the Cre-dependent expression of fluorescent protein (Fig. 110 

1b). The axons of RGCs labeled using this method predominantly innervated non-image 111 

forming brain regions such as the intergeniculate leaflet (IGL) and suprachiasmatic 112 

nucleus or nuclei (SCN) (Fig. 1d), suggesting they arose from ipRGCs, which form the 113 

predominant projections to these regions. To confirm their identity in the retina, we 114 

performed melanopsin antibody co-staining in GlyT2Cre;Ai140 mice (Fig. 1e) and 115 

GlyT2Cre;Ai9 mice (Fig. S1) and found that fluorescent RGCs in the dorsal retina co-116 

expressed melanopsin. We subsequently targeted fluorescent cell bodies in isolated 117 

preparations of dorsal retina from GlyT2Cre;Ai9 mice for electrophysiological spike 118 

recordings. Current clamp recordings from fluorescent somas allowed us to confirm 119 

intrinsically photosensitive spike responses in the presence of a cocktail of excitatory 120 

synaptic blockers (Fig. 1f; 20 μM L-AP4, 25 μM DAP5, 20 μM CNQX).  121 

 122 

To identify the dendritic morphology of these ipRGCs, we performed cell targeted 123 

Neurobiotin fills in the RGC layer of GlyT2Cre;Ai9 retina. These experiments revealed they 124 

are predominantly comprised of an OFF stratifying type, a structural feature of M1 ipRGCs 125 
33,34 (Fig. 2a). We also found they contained a secondary population stratifying in the ON 126 

layer, with variable morphologies, resembling a mixture of non-M1 ipRGCs35-38. 127 

Characterizing their dendritic structure using Sholl analysis (Fig. 2b), we found that the 128 

morphological complexity of the OFF stratifying cells, including the total number of 129 

branching points, junctions, and end-points are distinct from the mixture of ON stratifying 130 

cells (Fig. 2b,c). Furthermore, the soma diameter (Fig. 2d), dendritic diameter (Fig. 2e), 131 

and pattern of Sholl crossings (Fig. 2b) measured in the OFF stratifying cells are 132 

consistent with previous studies of M1 type morphology. 133 
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 134 

To determine the spatial location of GlyT2Cre-positive ipRGCs, we generated distribution 135 

maps in wholemount preparations of GlyT2Cre;Ai140 retina using melanopsin antibody co-136 

staining and confocal microscopy. GlyT2Cre-expressing cells (Fig. 3a,b), and melanopsin 137 

expressing ipRGCs (Fig. 3c,d) were found across the entire retina (Fig. 3b,d). However, 138 

GFP-positive ipRGCs (Fig. 3e) were localized to the dorsal periphery of the retina (Fig. 139 

3f), interspersed among other dorsal ipRGCs (Fig. 3e). Their location in the dorsal retina 140 

resembles the asymmetric distribution of cone photoreceptors, more specifically the 141 

region of retina that contains predominately green cones and few UV cones39,40. Co-142 

staining with the mouse s-opsin antibody that selectively labels UV opsin we show that 143 

GlyT2Cre-positive expressing ipRGCs are located above the UV cone transition zone (Fig. 144 

3g,h), occupying the dorsal region of retina with low UV cone density (Fig. 3f,h,g). 145 

  146 

Previous studies report that M1 ipRGCs are denser in the dorsal retina3,41-43, so we 147 

reasoned that GlyT2Cre-expressing M1 ipRGCs might be a unique subtype that accounts 148 

for the asymmetry. If our hypothesis is correct, the density of M1 ipRGCs in the dorsal 149 

and ventral retinas should be the same if we discount the GlyT2Cre-positive M1 ipRGCs. 150 

To test this hypothesis we examined the retinal distribution of all M1 ipRGCs using 151 

confocal microscopy. M1 ipRGCs have sparse dendritic arbors stratifying in the OFF IPL 152 

(Fig. 4a) and express the highest amount of melanopsin29,34, making them easier to 153 

identify using immunohistochemistry and confocal microscopy. Whole retina density 154 

maps of M1 ipRGCs (n ≈ 800 cells) confirm their increased dorsal density (Fig. 4b)42 and 155 

they were evenly interspersed with GlyT2Cre M1 ipRGCs (Fig. 4c, n ≈ 150 cells). When 156 

we subtracted GlyT2Cre-positive ipRGCs (Fig. 4d-g), the density of M1 ipRGCs between 157 

the dorsal and ventral retina were equivalent, confirming our hypothesis (Fig 4i, j). These 158 

results suggest the mouse visual system dedicates an additional M1 ipRGC visual 159 

channel to the ventral visual field. We reasoned this anatomical segregation in the retina 160 

might be mirrored in their central axonal projections, which are segregated in previously 161 

identified subtypes of M1 ipRGCs. These distinct separations of ipRGC central 162 

projections underlie distinct behavioral functions10,16,18.   163 

 164 
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GlyT2Cre ipRGCs innervate the outer core of the SCN 165 

To determine the central axon projection sites of GlyT2Cre-positive ipRGCs we performed 166 

intravitreal eye injections of Cre-dependent AAV (Fig 1, Fig. S2). Cholera toxin B (CTB), 167 

was later injected to co-label retinorecipient axon terminals (Fig. S2). To provide 168 

anatomical reference, these regions were also compared with the CTB labeled 169 

projections of all RGCs (Fig. S5a,d,g,j) and eye injections performed in the OPN4Cre 170 

transgenic mouse, a line which labels all ipRGCs (Fig. S5c,f,I,l). Summary central 171 

projection traces were also generated for the GlyT2Cre ipRGCs (Fig. S6). Like many other 172 

ipRGCs, GlyT2Cre-positive ipRGCs project to the SCN, but this projection is unique for 173 

several reasons. First, their axonal projections to the SCN avoid a central core region 174 

(Fig. 5a), and are concentrated at the ventral and lateral regions (Fig. 5a,b,d). Serial 175 

sections through the SCN in GlyT2Cre;Ai32 mice, which express CHR2-eyfp in the axon 176 

terminals of the GlyT2Cre-positive ipRGCs, illustrate that their axons did not project to the 177 

classically defined shell of the SCN (Fig. 5 c,e & Fig. S3), which is delineated by the 178 

anatomical localization of neurons that express arginine vasopressin (AVP) 44-49. Rather, 179 

they project to a subregion of the classical core, which we refer to as the outer core as 180 

their axons avoid AVP neurons (Fig 5c,d,e,i). In the anterior SCN, their axon terminals 181 

were located ventrally (Fig. 5i & Fig. S3a) in a region associated with neurons expressing 182 

vasoactive intestinal peptide44. In more caudal regions their axons formed a peripheral 183 

shell around the SCN core, and were densest in the ventral and lateral regions (Fig. 5c, I 184 

& Fig. S3b,c). At the most caudal region of the SCN, their axon terminals formed a lateral 185 

band with excursions outside of the SCN into the anterior hypothalamus and 186 

lateroanterior hypothalamus (Fig. 5d,e,i & Fig. S3d). The projections suggest that 187 

GlyT2Cre-positive ipRGCs likely contribute to distinct functional light-entrainment of 188 

circadian rhythms. The functional role of their projections to the AHC and LA outside of 189 

the SCN remain unclear however these regions are thought to be involved in 190 

thermoregulation 50 and aggression control51-53. 191 

 192 

Outside of the SCN the GlyT2Cre positive ipRGCs innervated the SON, which contains 193 

neurons expressing AVP and oxytocin (Fig. 5d-i) and is thought to be involved in systemic 194 

fluid homeostasis54, parturition55, and appetite56,57. It is also thought that the innervation 195 
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of this region is exclusively from Brn3b+ M1 ipRGCs4,6,16. GlyT2Cre-positive ipRGC axons 196 

most prominently innervated the region of the SON immediately dorsal to the optic tract 197 

and dorsomedial to the SON known as the perinuclear zone (Fig. 5d; pSON) 4,16,58. Some 198 

of their axons did however, innervate the SON in addition to extending medially into the 199 

lateral hypothalamus (Fig. 5f-h,j & Fig. S4a). Outside of the hypothalamus, their axons 200 

formed prominent projections to the zona incerta (Fig. S4b)4, IGL and parvocellular 201 

division of the vLGN (Fig. S5b), the lateral posterior nucleus (Fig. S5b), the ventral shell 202 

of the OPN (Fig. S4b,d,e - blue) and pretectal regions ventral to the superior colliculus 203 

(Fig. S5d,e,g,h,j,k). Many of these GlyT2Cre ipRGC projections, particularly the SON, 204 

accessory hypothalamic nuclei, and the OPN shell are regions thought to be innervated 205 

primarily by M1 ipRGCs6.  206 

 207 

 208 

SON-ipRGCs: a mosaic of ipRGCs retro-labeled from the SON 209 

Due to the heavy innervation of the pSON and surrounding areas when compared with 210 

previous reports, we hypothesized that (1) GlyT2Cre-positive ipRGCs may be the sole 211 

projection to this region, and (2) that only the M1 morphological type of GlyT2Cre-positive 212 

ipRGCs project to this region15,59. Since it is comparatively isolated from the SCN and the 213 

LGN, we decided to selectively target M1 GlyT2Cre-positive ipRGCs using retrograde 214 

injections of Cre-dependent AAV injected into the pSON (Fig. 6a,b). These injections 215 

labeled melanopsin positive M1 ipRGCs in the retina with dendrites in the OFF layer which 216 

restricted to the dorsal hemisphere and in similar density to those identified in 217 

GlyT2Cre;Ai140 (Fig. 6c,f,g; 113 ± 5.4; n = 2 mice). Next, we performed the same injections 218 

in OPN4Cre mice, which expresses Cre in all ipRGCs, to determine if the dorsal location 219 

and OFF stratification of these SON-labeled ipRGCs is specific to neurons expressing 220 

GlyT2Cre (Fig. 6d-g). Significantly, the majority of ipRGCs labeled with these injections 221 

were OFF-stratifying M1 ipRGCs (~97%) (Fig. 6d,e,f) and located in the dorsal retina in 222 

similar quantity and distribution to those labeled in GlyT2Cre mice (n = 131 ± 16.4 OFF 223 

ipRGCs, n = 4 ± 1 ON ipRGCs, n = 3 animals) and similar in number to those quantified 224 

from our counts of GFP and melanopsin positive M1 ipRGCs in GlyT2Cre;Ai140 mice (Fig. 225 

6f & Fig. 4).  226 
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 227 

We observed a small number of ventral OFF ipRGCs labeled by AAV injections into the 228 

SON in OPN4Cre mice, in addition to a small number of ON ipRGCs (Fig. 6d,f; n = 27 ± 229 

5.5 ipRGCs). As these ipRGCs were (1) rarely labeled, (2) restricted to small regions, and 230 

(3) the ON ipRGCs were also predominantly in the ventral retina, we conclude that this is 231 

most likely due to spillover of AAV into the optic tract which lies immediately ventral to the 232 

SON. We also noticed some non-ipRGCs, which appeared to be amacrine cells labeled 233 

in the retina (GlyT2Cre 2 ± SD 2.6 neurons from 3 mice; OPN4Cre 5.3 ± SD 5 neurons from 234 

3 mice). We conclude that their labeling likely arose from trans-synaptic labelling, or viral 235 

spillover from ipRGCs in the retina, as they do not have axons passing out of the retina. 236 

Together these data suggest that the dorsal GlyT2Cre ipRGCs represent the sole 237 

retinorecipient projection to the SON, and further strengthens our conclusions from 238 

anatomical mapping data illustrating these ipRGCs represent a distinct subtype that is 239 

located solely in the dorsal retina. Because these ipRGCs represent the exclusive 240 

projection to the SON, we now refer to them as SON-ipRGCs.  241 

 242 

We noticed that SON-ipRGCs were evenly spaced in our anatomical mapping 243 

experiments and uniform mosaic distribution of RGCs is one of the defining 244 

characteristics of a unique functional subtype. Our retro-labelling of SON ipRGCs with 245 

brain injections into GlyT2Cre and OPN4Cre mice was even more striking. The dendrites of 246 

SON-ipRGCs in the dorsal retina formed non-overlapping territorial mosaics, reminiscent 247 

of other territorial RGC subtypes (Fig. 7a-c)24,25. Upon close examination using confocal 248 

microscopy, the dendrites of SON-ipRGCs overlapped with the dendrites of other OFF 249 

stratifying ipRGCs in sublamina-a of the IPL stained with anti-melanopsin, and displaced 250 

M1 ipRGCs somata (Fig. 7d). SON ipRGCs have a uniform and unique dendritic 251 

morphology with 3-4 short dendritic segments that project through the ON layer and 252 

extend their terminal dendrites in the OFF layer (Fig. 7e,f). To provide a quantitative 253 

framework of analysis of the mosaic distribution of SON ipRGCs, we quantified (1) the 254 

density recovery profile60,61, a measurement of cell density at increasing distances from 255 

the soma (Fig. 7g & Fig. S7a,b,d), and (2) the coverage factor, which is a quantitative 256 

measurement of dendritic overlap in mosaic distributions (Fig. 7h & Fig. S7c). Our density 257 
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recovery profile data indicated that M1 ipRGCs and non-SON projecting M1 ipRGCs 258 

together overlapped significantly as evidenced by high values in very close proximity to 259 

the soma (< 100 µm) (Fig. 7g). SON-ipRGCs labeled with retro-injections in GlyT2Cre and 260 

OPN4Cre mice exhibited a clearly defined exclusion zone around the soma, which 261 

indicates their cell bodies are regularly spaced (Fig. 7g, Fig. S7). We next examined their 262 

coverage factor, which measures the average number of dendritic fields within a RGC 263 

mosaic overlapping any point in space. Most RGC subtypes that represent a functional 264 

visual channel have a coverage factor ~2 indicating there are roughly 2 dendritic fields 265 

(or receptive fields) of each specific functional visual channel at any point in the retina62. 266 

To calculate the coverage we used the average dendritic field diameter from 267 

morphological Neurobiotin fills (324 ± 18 µm), as the edges of the dendritic fields labeled 268 

from SON virus injections were difficult to resolve due to their overlap.  Using these 269 

measurements we found that SON-ipRGCs had a coverage factor of just over 2 (2.2 ± 270 

0.18 GlyT2Cre; 2.1 ± 0.03 OPN4Cre) indicating each point in the dorsal retina is covered by 271 

at least 2 ipRGCs. Non SON-projecting ipRGCs has a coverage of 3.6 ± 0.19, and all M1 272 

ipRGCs has a coverage factor of 5.7 ± 0.16 (Fig. 7h & Fig. S7c & Supplementary table 273 

2). This indicates that SON ipRGCs are territorial, and provide a seamless coverage of 274 

the retina with minimal overlap, similar to some other highly territorial RGC subtypes25. 275 

These results also support the hypothesis that there are two more territorial M1 ipRGCs 276 

subtypes in the dorsal retina or an additional subtype of M1 ipRGCs with higher coverage 277 

and slightly more overlap with SON-ipRGCs. Together, these results strongly support the 278 

hypothesis that there are multiple ipRGC subtypes in the dorsal retina and that SON-279 

ipRGCs are a unique subtype.  280 

     281 

Next, we examined other central projection locations following SON injections (Fig. S8). 282 

As these mice only have OFF stratifying SON-ipRGCs labeled in the retinas, this allows 283 

us to determine the projection patterns without contamination from other ON stratifying 284 

ipRGCs that are labeled using anterograde injections into the eye (Fig. 5,S2, & S4). These 285 

results illustrate that the unique projections to the outer core of the SCN are from SON-286 

ipRGCs (Fig. S8d,e) and patterns of innervation appeared similar between GlyT2Cre and 287 

OPN4Cre animals. Projections to the IGL, a site of accessary circadian function, was also 288 
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observed (Fig. S8f,g). These results suggest that the IGL, SON and outer core of the SCN 289 

are co-innervated by a single dorsal subtype of ipRGCs, the SON-ipRGCs. 290 

 291 

SON-ipRGCs release glutamate at central synapses 292 

Having established that SON-ipRGCs represent a unique subtype of M1 ipRGCs 293 

according to their expression and distribution in the retina, we asked if their targeting in 294 

GlyT2Cre mice underlies unique neurotransmitter release in the brain. This is particularly 295 

important given the recent discovery that some ipRGCs, which project to the SCN, IGL, 296 

and OPN release GABA at their central synapses63. As SON-ipRGCs are labeled in a 297 

mouse line that selectively labels inhibitory neurons throughout the brain and retina, we 298 

asked if they released GABA or glycine using two optogenetic approaches to express 299 

channelrhodopsin in their axon terminals and to record light-evoked neurotransmitter 300 

release (Fig. 8 & Fig. 9). We chose to record from multiple central locations to rule out the 301 

possibility SON-ipRGCs differentially release neurotransmitters at different central 302 

locations. Our recordings were focused primarily in the SCN and IGL, due to their dense 303 

innervation from SON-ipRGCs, but we also recorded from the SON to test for direct 304 

synaptic connectivity between the retina and the SON.  305 

 306 

We crossed GlyT2Cre mice with a Cre-dependent ChR2EYFP reporter (Ai32; Jackson 307 

024109), which results in the expression of ChR2 in the axons and nerve terminals of 308 

SON-ipRGCs (Fig. 8a-e). Lateral SCN neurons were targeted in coronal slices (Fig. 8b). 309 

In cell-attached voltage clamp mode photo-stimulation activated robust action potential 310 

currents (APC), which demonstrates that the SCN neuron was depolarized beyond its 311 

action-potential threshold by the release of an excitatory transmitter. The amplitude and 312 

latency of APCs (Fig. 8h) were robust and fast, consistent with monosynaptic excitatory 313 

synaptic connections (Fig. 8g; (mean ± SEM) 7.2 ± 0.5 ms (range 6.3 – 8.2 ms) and 193.7 314 

± 74.2 pA (range 53.8 – 306.3 pA), n = 3). In whole cell voltage clamp recordings we 315 

detected photo-stimulation evoked inward post-synaptic currents (PSCs) at holding 316 

potentials between -60 mV and -40 mV (Fig. 8f). The PSCs latency and amplitude were 317 

6.7 ± 0.2 ms (range 6.3 – 7.4 ms) and 35.2 ± 10.0 pA (range 15.4 – 71.3 pA), n = 5, Fig. 318 

8g, h. Similar excitatory synaptic input to SCN neurons was demonstrated by electrical 319 
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stimulation of the optic chiasm (Fig. 8b,f-h) which resulted in larger and faster PSCs (Fig. 320 

8 f,h). Pharmacological blockers were used to identify the neurotransmitter released by 321 

SON-ipRGCs. The glycine receptor antagonist strychnine (1 µM) and the GABAA 322 

antagonist SR-95531 failed to inhibit photo-stimulation-induced PSCs (Fig. 8f,i). In 323 

contrast, PSCs were blocked by co-application of the selective AMPA and NMDA 324 

glutamate receptor antagonists CNQX (20 µM) and AP-5 (50 µM) (Fig. 8f,i,j). Similarly, in 325 

cell-attached mode, photo-stimulation-induced APCs were inhibited by co-application of 326 

CNQX and AP-5 (Fig. 8j). Together, these results are consistent with a model where SON-327 

ipRGCs are excitatory and release glutamate onto SCN neurons. 328 

 329 

The whole-cell patch electrodes contained Neurobiotin and the location of recorded SCN 330 

neurons and their proximity to SON-ipRGC axon terminals was reconstructed with 331 

confocal microscopy. While only a small percentage of recordings resulted in photo-332 

stimulation evoked PSCs, the locations of connected neurons were mapped to each slice 333 

by referencing infrared microscopy images taken of the living slice with the subsequent 334 

post-fixed confocal images (Fig. 8k). The locations of synaptically connected SCN 335 

neurons were consistent with anterograde and retrograde tracing experiments showing 336 

SON-ipRGC axon terminals resided in the outer core of the SCN (Fig. 5 & Fig. S3). Similar 337 

inward PSCs with a latency of 5.72  ±  0.13 ms (range 5.56 – 5.98 ms, n = 3) and amplitude 338 

of 64.7  ±  7.1 pA (range 55.9 – 78.9 pA, n = 3) which were not blocked by picrotoxin (50 339 

µM) were recorded in voltage clamped SON neurons (Fig 8 i-o). Electric stimulation of 340 

the optic chiasm evoked PSCs in SON neurons confirming the retinal projection to this 341 

nucleus (latency 2.6  ±  0.2 ms, amplitude 215.8 ± 50.1 pA, n = 6). 342 

 343 

To determine if SON-ipRGCs might differentially release neurotransmitter at separate 344 

central locations, we performed whole-cell voltage-clamp recordings in the IGL in coronal 345 

slices made from GlyT2Cre;Ai32 mice (Fig. 9a, b). To enhance chloride-mediated currents 346 

high chloride (65 mM CsCl-) internal solution was used, which changed the inhibitory 347 

reversal potential to -50 mV and allowed us to observe inward PSCs for both excitatory 348 

and inhibitory events. Photo-stimulation in the IGL resulted in mixed neurotransmitter 349 

release, with evidence for GABA, glycine, and glutamate release in our recordings (Fig. 350 
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9 c-g). Most photostimulation-evoked synaptic currents were stable in the presence of 351 

CNQX, and were strongly attenuated by strychnine, and completely abolished in a 352 

combination of CNQX, strychnine, and GABAzine (Fig. 9e-g). These results were 353 

seemingly in conflict with our SCN recordings and might suggest that SON-ipRGCs 354 

release inhibitory neurotransmitters in the IGL while releasing excitatory 355 

neurotransmitters in the SCN. However, the IGL receives inhibitory input from other 356 

central brain regions64, some of which may contain neurons labeled in the GlyT2Cre mouse 357 

line and may  express ChR2 on the cell membrane in GlyT2Cre;Ai32 mice.  358 

 359 

To determine whether photo-stimulation-evoked inhibitory PSCs in the IGL arise from 360 

non-retinal neurons, we restricted ChR2-expression to the retina with eye injections of 361 

Cre-dependent ChR2 in GlyT2Cre mice (Fig. 9h). After allowing 2 – 3 weeks for the ChR2 362 

to express, we recorded from the IGL, which was targeted in coronal slices with brief epi-363 

fluorescent illumination to identify eGFP-expressing axon terminals, which form a dense 364 

band in the IGL (Fig. 19i - green). IGL neurons were filled with biocytin and recovered for 365 

confocal microscopy (Fig. 9j). Photo-stimulation evoked inward PSCs that were 366 

completely abolished with the bath application of the AMPAR antagonists CNQX and 367 

NBQX (Fig. 9k). These excitatory PSCs were on average smaller than evoked in 368 

recordings from GlyT2Cre;Ai32ChR2:EYFP mice, which may be due to viral expression of 369 

ChR2 being lower than expression driven by the Ai32 line. To augment photostimulation-370 

induced PSCs and rule out the possibility that inhibitory synaptic terminals need greater 371 

depolarization to reach the threshold required to activate transmitter release, we included 372 

K-channel blocker 4-aminopyridine (4-AP) in the ACSF and also included tetrodotoxin 373 

(TTX) to abolish poly-synaptic events. Despite 4-AP substantially increasing the light-374 

evoked currents they were completely abolished by the co-application of CNQX (Fig. 9k). 375 

Thus, when ChR2 was expressed in the axon terminals of ipRGCs of GlyT2Cre or OPN4Cre 376 

mice, no evidence for inhibitory synaptic release was found. This suggests that inhibitory 377 

inputs to the IGL in GlyT2Cre;Ai32 mice likely arise from central regions where neurons 378 

expressed ChR2 activated by light, and that SON-ipRGCs only release glutamate, but not 379 

GABA or glycine.   380 

 381 
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 382 

 383 

Discussion 384 

Mosaic tiling and distribution  385 

In most retinal ganglion cell subtypes the fundamental organizing feature of retinal output 386 

is a mosaic, where the receptive field and corresponding dendritic fields of individual cells 387 

of the same subtype are arranged in territorial, regularly spaced grids43,65,66. Such 388 

arrangement leads to uniform coding of the visual scene across each retinal channel. This 389 

has remained unclear for ipRGCs, which overlap considerably, about 4-fold in the retina 390 

for the M1 ipRGCs29. As M1 ipRGCs participate primarily in non-image forming vision it 391 

is possible that spatial organization is deemphasized in favor of maximizing the area of 392 

photon capture67. Our results show that M1 ipRGCs can be further subdivided and 393 

comprise independent subtypes that tile retinal space, like many of the well-described 394 

conventional bona fide RGC subtypes25,66,68,69. Indeed the coverage factor of SON-395 

ipRGCs is similar to the average coverage factor of most RGCs, identified from their 396 

functional receptive fields62. This indicates SON-ipRGCs are territorial and their dendrites 397 

overlap minimally. The functional significance of this arrangement is unclear, but it 398 

suggests surprisingly, that retinotopy might also be important for circadian biology70, and 399 

other non-image forming functions mediated by the SON.  400 

 401 

Our mapping data illustrates that the increased density of ipRGCs in the dorsal retina3,41 402 

arises from an additional population of ipRGCs found only in this region. There are two 403 

pieces of evidence supporting this conclusion; (1) when SON-ipRGCs are subtracted from 404 

retinal density maps, the dorso-ventral density gradient disappears and the number of M1 405 

ipRGCs is equivalent in both hemispheres. (2) Retrograde labelling of SON-ipRGCs in 406 

OPN4Cre mice labels the same dorsal M1 ipRGCs as those localized in the GlyT2Cre 407 

mouse. These results suggest that there are at least 2 independent populations of M1 408 

ipRGCs in the dorsal retina, each with their own appropriate coverage factors. We 409 

estimate that SON-ipRGCs overlap ~twice, whereas the total population of M1 ipRGCs 410 

in the dorsal retina overlap ~5.5-fold. These values were calculated using the average 411 

dendritic diameter of Neurobiotin filled M1 ipRGCs in the GlyT2Cre mouse (d = 324 μm) 412 
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and are slightly larger than the dendritic diameter of M1 ipRGCs previously described (d 413 

= 274 µm)29, resulting in slightly different coverage values (Fig. S7c). Though these 414 

differences are likely due to labeling technique, we cannot exclude the possibility that 415 

SON-ipRGCs have a different dendritic structure than neighboring M1 non-SON-416 

ipRGCs). Currently it remains unclear if the ventral M1 ipRGCs belong to the same 417 

subtype of ipRGCs as those in the dorsal retina that overlap with the SON-ipRGCs. If the 418 

overlapping M1 ipRGCs follow the same spacing and distributions as the SON-ipRGCs, 419 

then there are at least two distinct subtypes of M1 ipRGCs in the rodent retina; one that 420 

is distributed across the entire retina and one that tiles the dorsal retina.  421 

 422 

Localized vision and photoreceptor organization 423 

The dorsal-only location of SON-ipRGCs suggests retinotopy at the level of the dorso-424 

ventral axis is fundamental for some types of non-image forming vision. For the rodent, 425 

the horizon divides the visual scene into two distinct areas, consisting of differences in 426 

color, contrast, and behavioral relevance39. Accordingly, this is reflected in the 427 

asymmetric organization of cone photoreceptors across the dorso-ventral axis of rodent 428 

retina39,40. The higher density of UV-sensitive cones in the ventral retina enhances the 429 

dynamic range of photoreceptors for encoding the darker contrasts, which dominate the 430 

upper visual field and is likely important for predator detection39,43. Similarly, the dynamic 431 

range of the green cones that are in abundance in the dorsal retina is matched to encode 432 

the more even distribution of both light and dark contrasts found in the ventral visual field, 433 

likely aiding in navigation through foliage or burrows and finding small grains, grass and 434 

insects for consumption.  435 

 436 

While rodent RGCs can form non-uniform topographic variations across the retina71, 437 

SON-ipRGCs are the first example of a RGC subtype restricted to a sub-region of retina. 438 

Strikingly, their location is almost identical to the region of dorsal retina that is low in UV-439 

sensitive cones, suggesting ipRGCs and cone photoreceptors may have adapted 440 

similarly to encode information that is asymmetrically distributed in visual space. Non-441 

image forming vision might also be adapted to encode the more uniform distribution of 442 

bright and dark contrasts, like cone photoreceptors. Alternatively, as the visual system of 443 
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the rodent is optimized for nocturnal vision, they might require additional processing 444 

power in night or daylight environment. Moon and starlight reflected off the ground is likely 445 

to predominate in nocturnal environments and reflected luminance might contain more 446 

useful information to drive the suppression of SON-mediated behaviors such as maternal 447 

activity or feeding72,73. 448 

 449 

Central projections and behavioral relevance  450 

There are currently six known types of ipRGCs (M1–M6), primarily distinguished by their 451 

morphology6,12. However, recent evidence suggests additional functional subtypes likely 452 

exist within this current organization10,16,18,22,36,63,74. How do these additional ipRGC 453 

subtypes fit with our current understanding of M1 ipRGCs? Some ipRGCs do not express 454 

the transcription factor Brn3b and this small number of ipRGCs projects to the SCN and 455 

IGL only, avoiding other brain regions18. Our results suggest that a separate tiling 456 

subpopulation of M1 ipRGCs co-innervate the SON, the outer core of the SCN and the 457 

IGL, likely performing distinct behavioral functions. 458 

 459 

The SON is a collection of secretory cells that participate in the hypothalamic-pituitary-460 

adrenal axis by producing antidiuretic hormone (ADH) and oxytocin. ADH is responsible 461 

for regulating water reabsorption in the kidneys75 and oxytocin plays a critical role in 462 

lactation and parturition76. The significance of visual input to this area via the SON-463 

ipRGCs is unclear but circadian changes in urine volume and concentration77,78, as well 464 

as patterns of lactation79,80 are well established in humans and animal models. Like the 465 

influence of ipRGCs on entrainment of the SCN, bright light might act as a Zeitgeber in 466 

the SON, keeping the daily release of AVP well-timed or to aid in adjusting fluid balance 467 

to altered light cycles, such as when changing time zones. Alternatively, ipRGCs that 468 

innervate the SON might be involved in more direct effects of light on the release of AVP 469 

or oxytocin by SON neurons. It is also possible that SON-ipRGCs regulate the release of 470 

oxytocin, AVP, or other neuropeptides such as cholecystokinin, or CART, throughout the 471 

brain, rather than in the pituitary, where SON ipRGCs might be important for regulating 472 

direct light-activated influence on maternal behaviors, or feeding81. Future studies of sex 473 

differences in these pathways will be interesting in this regard. 474 
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 475 

Separate ipRGC populations influence both the circadian and direct effect of light on body 476 

temperature10. It is possible that innervation to the SON functions similarly, acting as a 477 

synchronizer of different SON-mediated behaviors over shorter timescales than those 478 

governed by the SCN. The peptide pituitary adenylate cyclase-activating polypeptide 479 

(PACAP) is present in a dorsal population of ipRGCs in the rat41 and both PACAP and 480 

the PACAP receptor PAC1 are expressed in the SON82,83. Additionally, PACAP positive 481 

retinal hypothalamic tract terminals are localized to a SCN region that resembles the 482 

outer-core projections of SON ipRGCs. Thus SON ipRGCs are likely the PACAP-483 

containing ipRGCs described in rat retina but further studies are required to specifically 484 

determine this.  485 

 486 

The unique innervation of SON-ipRGCs to known circadian structures (SCN and IGL) is 487 

also of significant interest. Oscillatory activity in the SCN functions as a circadian timing 488 

circuit, predicting physiological and behavioral needs throughout the day and night84. The 489 

SCN is divided into two distinct subdivisions, designated as core and shell based primarily 490 

on localized peptidergic expression, innervation, and projection85. The core is the site of 491 

direct visual input from ipRGCs, indirect visual input from IGL, and is localized by the 492 

expression of vasoactive intestinal polypeptide (VIP) and gastrin releasing peptide 493 

(GRP)44. Alternatively, the SCN shell contains a large number of AVP neurons and 494 

receives innervation from other CNS nuclei44,86. Our results show that SON-ipRGCs 495 

innervate a localized region of the SCN we call the outer core, avoiding the central core 496 

of primary ipRGC input and the AVP neurons that comprise the SCN shell. As SON-497 

ipRGCs represent a distinct subtype of ipRGC it suggests that the SCN receives at least 498 

two types of direct retinal input, segregated to at least two localized areas of the SCN. 499 

The behavioral relevance of this organization is unclear but given the localized distribution 500 

of SON-ipRGCs in the retina, and their overlap with other M1 ipRGCs, it suggests that 501 

subtypes may be encoding different aspects of environmental light. Given their broad 502 

projections to the SCN, IGL, SON and other regions, and the limited knowledge of their 503 

specific connectivity within the SON, behavioral analysis of the specific functional role of 504 
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this unique subtype would require surveying many behaviors that might rely on subtle 505 

inputs from SON-ipRGCs.  506 

 507 

Neurotransmitter release 508 

Why are there ipRGCs labeled in the GlyT2Cre line, which, other than ipRGCs, labels 509 

predominantly glycinergic amacrine cells in the retina? This question is particularly 510 

prescient given the recent discovery of GABAergic ipRGCs that project to the SCN, IGL 511 

and OPN63. Our results, however, indicate that SON-ipRGCs do not release GABA, and 512 

thus must form a separate population from GABAergic ipRGCs. It remains unclear if they 513 

express the GlyT2 transporter in their axon terminals, and if they do, what functional role 514 

the transporter might play in modulating central synapses. It is possible that SON-ipRGCs 515 

release glycine to modulate the glycine binding site on post-synaptic NMDA receptors 516 

however there is no evidence of synaptic release of glycine in the SCN because 517 

spontaneous glycinergic IPSCs were not present and glycine does not contribute to the 518 

tonic current as strychnine did not alter the baseline of SCN neurons87. Alternatively their 519 

labelling in GlyT2Cre mice may be some other function of the bacterial artificial 520 

chromosome (BAC) insertion in this particular transgenic line. Indeed, other BAC lines, 521 

like the HB9GFP line that labels ON-OFF direction selective ganglion cells, reflect the 522 

genomic insertion site of the BAC88.The BAC maps to chromosome 12 rather than the 523 

endogenous location of chromosome 7. Regardless, our anatomical mapping data 524 

predicts there are likely only two subtypes of ipRGCs in the dorsal retina, if other ipRGCs 525 

follow similar mosaic spacing rules as SON-ipRGCs. While we do not know if GABAergic 526 

ipRGCs are M1 ipRGCs, their projections to the SCN strongly suggest some of them are, 527 

whereas their projections to the shell of the LGN might indicate some are not ipRGCs63. 528 

Given they are more numerous in the dorsal retina, it remains unclear if they are the other 529 

subtype we predict to lie in the dorsal retina or, instead, they might be part of multiple 530 

subtypes of ipRGCs that do not form complete mosaics throughout the retina. Future 531 

studies of both retrograde tracing of these populations and functional recording from 532 

ipRGCs in the retina and brain are required to resolve these questions.  533 

 534 

Methods 535 
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Animals 536 

Experiments involving animals were in accordance with the National Institutes of Health 537 

guidelines, and all procedures were approved by the Oregon Health and Science 538 

University Institutional Animal Care and Use Committee. GlyT2Cre mice (Tg(Slc6a5-539 

cre)KF109Gsat/Mmucd) were a gift from Larry Trussell, prior to being cryo-recovered by 540 

the OHSU Transgenic Mouse Model Core using sperm purchased from the Mutant Mouse 541 

Resource and Research Center (Stock 030730-UCD). Ai32 (RCL-ChR2(H134R)/EYFP), 542 

Ai9 (RCL-tdT), and Ai140 (TITL-GCF-ICL-tTA2) mice were obtained from The Jackson 543 

Laboratories. OPN4Cre (tm1.1(cre)Saha/J) were a gift from Samer Hattar and The Johns 544 

Hopkins University. Animals were bread and housed on a 12-h light/dark cycle with food 545 

and water ad libitum.  546 

 547 

Eye and brain injections  548 

To trace ipRGC projections and sites of central innervation, anterograde tracers were 549 

delivered in the eye through intravitreal injection. AAV-FLEX-tdTomato (Catalog# 28306 550 

AAV2 & PHPeB; 2 μl per eye at 1×1013 vg mL-1) and AAV1-DF-ChR2-mcherry (Catalog# 551 

18916) were purchased through Addgene. For this procedure, animals were anesthetized 552 

by intraperitoneal injection of 100mg/kg ketamine, 15mg/kg xylazine. Proparacaine 553 

(anesthetic) and tropicamide (anticholinergic) drops were applied topically to the eye for 554 

local anesthesia and to improve visualization of the surgical field, respectively. Under 555 

stereo microscopic control, a small hole was made at the ora serrata using a 32G needle. 556 

AAV vectors containing ~1013-1014 viral genomes were delivered in 1.5 µL volumes to the 557 

vitreous of the eye using a 5 µL Hamilton microinjection syringe. Animals were allowed to 558 

recover from anesthetic on a heat pad before being returned to their cage. AAV injections 559 

were performed between p30–p60. To aid in visualizing retino-recipient brain structures 560 

animals also received a follow up eye injection of 1uL CTB-488 one week before sacrifice. 561 

In order to identify ipRGCs that innervate specific central locations, stereotactic brain 562 

injections of retrograde tracers were performed using a Kopf stereotactic instrument. For 563 

the supraoptic nucleus (SON), 92nL of AAVRG-DF-ChR2-mcherry (Catalog# 18916) was 564 

injected bisymmetrically at 0.5mm from Bregma, +1.3mm lateral to the midline at a depth 565 
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of 5.0mm, determined from the Franklin & Paxinos Mouse Brain Coordinate Atlas, 4th ed. 566 

Animals were sacrificed three-four weeks following injections for brain and eye histology. 567 

 568 

Tissue preparation and immunohistochemistry 569 

For retina histology, animals were euthanized with 200mg/kg ketamine and 30mg/kg 570 

xylazine followed by cervical dislocation. Eyes were then removed with curved surgical 571 

scissors and placed in 4% paraformaldehyde (PFA) (Electron Microscopy Sciences 572 

Catalog#: IC993M31) in phosphate buffered saline (PBS) for 30 mins with the cornea 573 

partially removed. Eyes were then washed thoroughly in PBS for 24hrs. To dissect the 574 

retina from the eye, the lens and tissue up to the trabecular meshwork was removed 575 

leaving an exposed globe. Dorsal ventral orientation, marked with a ventral cut, was 576 

established using the choroid fissures and retinal artery, which can be visualized entering 577 

the caudal portion of the sclera, inferior to the optic nerve. The retina was then separated 578 

from the sclera by cutting along the rim of retinal attachment and transecting the optic 579 

nerve from its scleral bed. Whole retina was then transferred to a 1.5ml Eppendorf tube 580 

for immunohistochemistry. The details, including the timing and concentration of primary 581 

and secondary antibody used for specific experiments are described in Table 1. Once 582 

immunostaining was complete, 3 additional relieving cuts were made at cardinal positions 583 

to allow the whole retina to be flat-mounted RGC side up on glass slides. Retinas were 584 

dried on the slide until transparent, then mounted with a coverslip using Vectashield 585 

mounting medium. 586 

 587 

For brain histology, animals were heavily anesthetized by IP injection of 588 

ketamine/xylazine and transcardially perfused with 50µL Heparin + 30 mL PBS followed 589 

by 40mL 4% PFA in PBS. Brains were removed and post-fixed in 4% PFA 2-4 hrs. Brains 590 

were then washed thoroughly in PBS for 24hrs, mounted in 4% agar and sectioned at 591 

200µm from rostral to caudal using a Leica VT1000 S vibratome. Sections were collected 592 

in PBS and transferred to glass slides. Retinas and brain slices were immuno-stained in 593 

a mixture of 5% Donkey serum, 0.5% Triton-X 100 and 0.25 % sodium azide at room 594 

temperature. Details, including the timing and concentration of primary and secondary 595 

antibodies used for specific experiments are described in Table 1. Both brain slice and 596 
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whole-mount retina were mounted using Vectashield mounting medium (Vector 597 

laboratories) and imaged on a Leica SP8 scanning confocal microscope. 598 

 599 

Quantification of retina histology  600 

To generate retina maps, whole retina tiling confocal z-stacks were captured using Leica 601 

SP8 confocal microscope using a 40x oil objective. Tiles were stitched together in Leica 602 

LAS X Life Sciences software and analyzed in ImageJ. ipRGCs were manually identified 603 

across the entire retina by systematically localizing all melanopsin positive cell bodies in 604 

200 x 200 µm square increments. Somas were marked as regions of interest (ROI) in a 605 

separate overlay image using the multipoint tool in imageJ (2d axis image). M1 ipRGCs 606 

were identified by their characteristic dendritic stratification in the OFF sublamina, their 607 

small somas, and bright melanopsin staining. GlyT2Cre ipRGCs were identified by the co-608 

localization of GFP and melanopsin in their cell bodies (GlyT2Cre;Ai140). Distribution 609 

maps of ipRGCs were generated from the x/y coordinates extracted from the axis image. 610 

Due to their abundance, UV cone distribution maps were generated using the trainable 611 

Weka segmentation plugin for imageJ 89 (imagej.net/plugins/tws/). This machine learning 612 

software allows structures of similar appearance to be identified in a semi-automated 613 

manner. Images were processed with a binary threshold and segmentation was trained 614 

to identify fluorescent cells (UV+ cone outer segments) in the photoreceptor layer. 615 

Segmentation can be challenging when the proximity of cells is small or overlapping. As 616 

a result, the density of UV cones reported in the ventral retina is likely an underestimate.  617 

 618 

Neighbor density maps and density recovery profiles were generated using the Neighbor 619 

density analysis application within the BioVoxxel_Toolbox plugin for ImageJ 620 

(imagej.net/plugins/biovoxxel-toolbox). Axis images denoting cell bodies were converted 621 

to 8-bit and applied with a binary threshold. Particle neighbor analysis was used to identify 622 

the number of cell bodies within a given radius from each soma. Neighbor density maps 623 

were generated with density radius of 110µm to approximate the average dendritic 624 

diameter of RGCs. Density recovery profiles were calculated similarly using radii from 0 625 

to 400 µm in 20 µm increments. Population per hemisphere were calculated by dividing 626 

oriented retinas through the optic nerve head along the naso-temporal axis and 627 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 10, 2022. ; https://doi.org/10.1101/2022.04.06.485949doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.485949
http://creativecommons.org/licenses/by-nc-nd/4.0/


 A subtype of melanopsin ganglion cells encodes ground luminance 
 

21 
 

quantifying # of cells per hemisphere. Density of cells per mm2 was determined by 628 

quantifying the number of cells within 1 mm2 areas of dorsal and ventral retina. 629 

 630 

Single cell patch clamp recordings in the retina  631 

Single cell current-clamp recordings were performed in the GlyT2Cre;Ai9 9 mouse using a 632 

HEKA EPC800 amplifier, ITC-18 digitizer and Axograph software. Fluorescent ipRGCs 633 

were targeted using brief 554 nm exposure (<100 ms) and a high sensitivity camera 634 

(Andor technologies – DU-888E-COO-#BV). Recordings were performed in Ames 635 

medium with synaptic blockers 20 µM L-AP4, 25 µM DAP5, 20 µM CNQX to isolate 636 

ipRGCs. Five second illumination of blue (445 nm) light was used to elicit intrinsic 637 

melanopsin responses at 5x1013 log photons cm-2 s-1 using a Texas Instruments DLP4500 638 

LightCrafter projector and custom software (pyStim90. Some ipRGCs were targeted for 639 

Neurobiotin electroporation using methods described previously91,92  640 

 641 

Single cell patch clamp recordings monitoring synaptic release in the brain  642 

To study synaptic transmission mediated by the axons of SON-ipRGCs, GlyT2Cre mice 643 

were crossed with the Ai32 reporter mouse driving channelrodopsin expression in Cre 644 

expressing ipRGCs. Male and female GlyT2Cre;Ai32 mice were housed in an 645 

environmental chamber (Percival Scientific, Perry, IA) maintained at 20 - 21 ºC on a 12:12 646 

hr light:dark (LD) cycle, with free access to food and water. The ChR2 expressing axonal 647 

terminals projecting to the SCN were activated by white light passing through a Chroma 648 

excitation filter (BP 470/40). The estimated intensity of the light was 16.5 to 17 log photons 649 

cm-2 s-1. The ChR2 expressing RHT projection were observed using YFP filter (Chroma, 650 

ET-EYFP C212572, Cat.# 49003). The recordings were performed at the end of the day 651 

and the beginning of the night. SCN neurons were voltage-clamped in the whole-cell and 652 

cell-attached patch clamp modes. The cells were filled with Neurobiotin (0.5%), which 653 

made it possible to determine their localization after the experiment. The internal solution 654 

consisted of (in mM): 87 CH3O3SCs, 15 CsCl, 1 CaCl2, 10 HEPES, 11 EGTA, 31.5 CsOH, 655 

3 MgATP, 0.3 TrisGTP, 10 Phosphocreatine di(tris) salt and 5 N-(2,6-656 

dimethylphenylcarbamoylmethyl)triethylammonium chloride (QX-314); pH 7.25, 278 657 

mOsm. The extracellular recording solution (ACSF) was (in mM): 132.5 NaCl, 2.5 KCl, 658 
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1.2 NaH2PO4, 2.4 CaCl2, 1.2 MgCl2, 11 glucose, and 22 NaHCO3, saturated with 95% 659 

O2 and 5% CO2; pH 7.3–7.4, 300–305 mOsm. The equilibrium potential for chloride was 660 

-50 mV. For extended detail see Moldavan et al., 201093; 201894. During recordings the 661 

inhibitors of glycine, GABAA, and ionotropic glutamate receptors, respectively strychnine 662 

(1 µM), gabazine (10 µM), CNQX (20 µM) + AP-5 (DL-AP5, 50 µM), and TTX (1 µM) an 663 

inhibitor of voltage-dependent Na+ currents were applied. EPSCs evoked by electric 664 

stimulation of the optic chiasm were also used in order to confirm the recorded cell 665 

received retinal inputs.  666 
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Figure 1: A subpopulation of ipRGCs in dorsal retina 
(a) RGC axons identified in the dorsal portion of GlyT2Cre;Ai140 whole mount retina. (b-d) 
Cre-dependent virus injection into the eyes of GlyT2Cre mice label RGC axons that project 
from the dorsal retina via the optic nerve (ON) (c) to non-image forming central areas (d): 
Intergeniculate leaflet (IGL; top) and suprachiasmatic nucleus (SCN; bottom; dLG & vLG 
= dorsal & ventral lateral geniculate nucleus. (e) Confocal micrographs of melanopsin 
antibody staining (magenta) in  GlyT2Cre;Ai140 mice labelling cells with eGFP (green). (f) 
Current clamp recordings of light responses to 5 sec visual stimuli under synaptic block 
(20 μM L-AP4, 25 μM DAP5, 20 μM CNQX) illustrate GlyT2Cre-positive RGCs are 
intrinsically photosensitive (ipRGCs).  Scale bar in a = 20 µm, c = 100 µm, d = 100 µm, e 
= 20 µm. 
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Figure 2: Dendritic morphology of GlyT2Cre ipRGCs 
(a) Tracings of Neurobiotin electroporated GlyT2Cre ipRGCs illustrate multiple 
morphological subtypes with dendritic stratification in the OFF (red) or ON (black) layers 
of the inner plexiform layer (IPL). (b) Dendritic crossings at radial distances from each 
soma (Sholl analysis) (c), number of branches, junctions and end-points, as well as total 
soma (d) and dendritic diameter (e) quantified per morphologically distinct subpopulation. 
n = 11 OFF stratifying ipRGCs (M1), 11 ON or partially bi-stratified, and 5 small ON 
stratifying cells (mixed ON stratifying/non-M1 ipRGCs). Values are mean±SEM. Statistical 
significance assessed using one-way Anova with Bonferroni correction for comparisons 
between multiple groups (*p ≤ 0.05). Scale bar = (a);300 µm 
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Figure 3: Localized distribution of GlyT2Cre positive ipRGCs capture reflected light 
Confocal micrographs and density maps of neurons labeled in GlyT2Cre mice. (a) 
Melanopsin positive ipRGCs in the ventral retina are negative for EGFP. (b) In the dorsal 
retina many ipRGCs are EGFP positive and overlap with EGFP-negative ipRGCs. (c) 
Antibody staining for mouse S-cone opsin illustrates sparse labelling in the dorsal retina 
and dense staining in the ventral retina. (d) Location map of n = 3314 melanopsin immuno-
positive ipRGCs throughout the retina. Density at each retinal location along the dorso-
ventral axis is plotted on the right (100 µm bins across the Y axis) illustrating the higher 
density of ipRGCs in the dorsal retina. Square = region in a. (e) 293 ipRGCs were EGFP-
positive and restricted to a region of retina that is low in (f) S cone opsin density. Squares 
= regions in b, and c above, respectively. (g) Illustration of the GlyT2Cre ipRGCs in the 
dorsal retina of the mouse encoding light in the ventral visual field (reflected off the 
ground), High density of S cones aligned with the dorsal visual field (purple). Purple = 
density of S cones, blue = all ipRGCs, orange = GlyT2Cre ipRGCs. (h) Distribution of 
GlyT2Cre ipRGCs in both eyes plotted in a sinusoidal projection adapted from Bleckert et 
al. 20141. Orange outline = edge of left retina; black outline = edge of right retina. on = 
optic nerve. D = dorsal, V = ventral, N = nasal, T = temporal. Scale bars in (a,b,c) 25 µm, 
(d,e,f); 0.5 mm. 
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Figure 4: An additional M1 ipRGC visual channel dedicated to the dorsal retina 
(a) Schematic of the retinal circuit with rod and cone photoreceptors located in the outer 
nuclear layer (ONL) and photosensitive ipRGCs in the ganglion cell layer (GCL). Some of 
the 6 ipRGC types (bistratified ipRGCs excluded) differ in their dendritic size and 
stratification in the ON (green) and OFF (magenta) inner plexiform layer (IPL). (b-c) 
confocal micrographs of ipRGCs stain with melanopsin antibody illustrating M1 ipRGCs 
(asterisks) identified as their dendrites clearly transition to from the ON layer (b; green; c) 
to the OFF layer (b; magenta). ON ipRGCs can be identified by their primary dendrites 
branching in the ON layer (arrows in b,c) (d) Neighbor density maps of morphologically 
identified M1 ipRGCs (melanopsin+), (e) EGFP+ M1 ipRGCs, (f) EGFP- M1 ipRGCs, and 
(g) EGFP+ On stratifying ipRGCs. Each cell is color coded according to the number of 
neighboring cells within a diameter of 220 µm. Hotter colored cells lie within regions of 
higher density such as the dorsal retina for all M1 ipRGCs and the temporal retina for 
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EGFP- M1 ipRGCs (h) Bar graph of quantified M1 ipRGCs, EGFP+  M1 ipRGCs, and ON 
stratifying EGFP+  ipRGCs in retina whole mount. (i) Population per hemisphere and (j) 
density (dorsal; white vs. ventral; gray) for morphologically identified M1 ipRGCs per 1 
mm-2. EGFP-M1s = (All) M1 ipRGCs - EGFP+M1 ipRGCs. Values are mean ± SEM. 
Statistical significance assessed using one-way Anova. *** = p <0.001, n = 4 retina. Scale 
bar in (b) and (c) = 50 µm. 
 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 10, 2022. ; https://doi.org/10.1101/2022.04.06.485949doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.06.485949
http://creativecommons.org/licenses/by-nc-nd/4.0/


A subtype of melanopsin ganglion cells encodes ground luminance 
 
 
 
 

 
Figure 5: GlyT2Cre ipRGCs project to the SON and a SCN sub-region 
(a-n) Intravitreal eye injections of Cre-dependent AAV (AAV-FLEX-tdTomato) in the 
GlyT2Cre mouse allowed anterograde tracing of central projections in confocal images of 
coronal 200 µm brain sections. Cholera toxin subunit B (CTB), was co-injected to label all 
RGC axons. (a-b) The SCN receives dense ipRGC input at its central core (a – red) 
GlyT2Cre ipRGCs (blue) largely avoid the central core and instead innervate the outer core 
in the rostral SCN and form a lateral band in the caudal SCN. (c) Outer core and lateral 
band localized in the GlyT2Cre;Ai32 (green = YFP of GlyT2Cre ipRGC terminals) is distinct 
from the anatomical shell of the SCN localized by arginine vasopressin neurons (AVP – 
magenta). (d,e) In the caudal SCN the lateral band extends into lateral hypothalamic (LA) 
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and anterior hypothalamic (AHC) areas in eye injected GlyT2Cre (d) and GlyT2Cre:Ai32 mice 
(e). (d-h) GlyT2Cre ipRGCs innervate the supraoptic nucleus (SON) observed in eye 
injected GlyT2Cre (d,f,g) and GlyT2Cre;Ai32 mice (e,h) superior to the dense AVP-positive 
cell bodies of the SON (magenta). (i,j) Summary illustrations of GlyT2Cre ipRGC 
projections (green) to the (i) SCN outer core and SCN lateral band as well as projections 
to the (j) SON, superior to the dense AVP+ cell bodies (magenta). Anatomical distances 
from bregma determined from the Franklin & Paxinos Mouse Brain Coordinate Atlas. 
Scale bar = (a-c,i);100 µm, (d-h); 200 µm. 
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Figure 6: GlyT2Cre ipRGCs form the principle projection to the SON 
(a,b) Stereotactic injections of Cre-dependent retroAAV (magenta) into the SON (b) labels 
(c,d) a population of M1 ipRGCs (OFF stratifying; magenta) in the GlyT2Cre (c) and 
OPN4cre (d) mouse lines. Density at each retinal location along the dorso-ventral axis is 
plotted on the right. (e) Confocal image of the flat mount retina illustrates that retro-labeled 
M1 ipRGCs in the OPN4Cre localize to the dorsal retina, black arrows indicate a rare ventral 
axon. (f) Bar graphs of ipRGCs per retina that are melanopsin positive (white) or negative 
(gray) (left) and either OFF (M1, magenta) or ON (turquoise) stratifying ipRGCs (right) in 
SON injected GlyT2Cre and OPN4Cre mice retinas (AAV retro labeled; maroon). 
GlyT2Cre;Ai140 retinas quantified for comparison (l - far right, Reporter cross labeled; blue). 
(g) Bar graphs of population of cells per hemisphere in the SON injected GlyT2Cre and 
OPN4Cre mouse retinas. GlyT2Cre;Ai140 retinas quantified for comparison (g - far right). 
Values are mean±SEM. Statistical significance assessed using one-way Anova with 
Bonferroni correction for comparisons between multiple groups (*p ≤ 0.01) Scale bar = (a); 
1mm, (c,d); 500 µm,(e);100 µm. 
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Figure 7: SON ipRGCs form a tiling mosaic that minimizes dendritic overlap. 
Whole retina images of tiling SON M1 ipRGCs retro-labeled in the GlyT2Cre (a) and 
OPN4Cre (b) with dendritic arbor circled in red. (c) Confocal images of mosaic spacing in 
SON M1 ipRGCs labeled in the OPN4Cre. (d) Higher magnification confocal image of OFF 
stratifying dendrites (green) which overlap with surrounding M1 ipRGCs dendrites  stained 
with anti-melanopsin (magenta; arrows). Some displaced M1 ipRGC cell bodies (asterisk) 
are not labeled in the SON injection. (e,f) Dendritic morphology of SON M1 ipRGCs 
illustrate they have 3-4 short dendritic segments in the ON layer (red) that dive into their 
terminal dendrites in the OFF layer (cyan). (g) Density recovery profile displaying density 
of cell bodies at distances (µm) from each soma. Gap (red) indicates minimal overlap of 
SON ipRGCs in the SON-injected GlyT2Cre and OPN4Cre retina. (h) Coverage factor or the 
proportion of dendritic overlap calculated from the average diameter of M1 ipRGCs, 
measured from Neurobiotin fills. Non-SON proj. M1s (grey) = M1 ipRGCs not labeled in 
the central injection. Dorsal M1s = Non-SON projecting M1s + retro labeled (SON 
projecting) M1s. Statistical significance assessed using one-way Anova with Bonferroni 
correction for comparisons between multiple groups (***p ≤ 0.001) Scale bar = (a,b); 1mm, 
(c); 100 µm,(d-f); 50 µm.  
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Figure 8: SON-ipRGCs release glutamate in the ‘outer core’ of the SCN 
(a,b) Brain slice recordings in the SCN were performed in coronal sections of 
GlyT2Cre;Ai32 mice. Patch electrode prefilled with Neurobiotin (magenta) and electrical 
stimulating electrode placed in the optic chiasm (ox; E.stim) in order to stimulate retinal 
axons.  (c) Confocal images of SCN slice, immunostained following recordings. (d) 
Recorded cells localized with Neurobiotin in close proximity to SON-ipRGC terminals. (e) 
Location of the photo-responsive cells (black dots) relative to SON-ipRGC central 
innervation of the SCN outer core (green). (f) Photo-stimulation evoked action potential 
currents (black) are abolished following bath application of CNQX + AP-5 (light blue). (g) 
Whole cell voltage clamp recording traces of electrical (black) and channelrhodopsin-
evoked (ChR2) inward post-synaptic currents (PSCs) in control (dark blue), 1 µM 
strychnine (grey), 10 µM SR-95531 (green). ChR2-evoked currents were abolished with 
CNQX (20 µM) and AP-5 (50 µM; light blue). (h) Response amplitude and (i) delay of 
ChR2- evoked (right) and electrical stimulation evoked (E.Stim) PSCs in the same SCN 
neurons. (j) ChR2-evoked response amplitude in strychnine (grey), SR-95531 (green), or 
CNQX + AP-5 (light blue) normalized to the control response amplitude. Values are mean 
± SEM. (k) PSC amplitude before and after CNQX + AP-5. (l, m) Coronal brain slices were 
used for recordings in the SON of the GlyT2Cre;Ai32 mouse and OPN4Cre;Ai32 mouse. (n) 
Whole cell voltage clamp recording traces of electrical (black) and ChR2-evoked inward 
post-synaptic currents (PSCs) (blue) in the SON. (o) Voltage clamp recording traces of 
ChR2-evoked inward post-synaptic currents (PSCs) in the SON before (blue) and after 
(green) 50 µM picrotoxin. Statistical significance assessed using one-way Anova with 
Sidak correction for comparisons between multiple groups (*p ≤ 0.01). Scale bar = (c); 100 
µm, (d); 5 µm. 
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Figure 9: SON-ipRGCs release glutamate at the IGL 
(a) Coronal sections were used for brain slice recordings in the IGL of the GlyT2Cre;Ai32 
mouse. (b) Confocal image of the ventral lateral geniculate nucleus (vLG), intergeniculate 
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leaflet (IGL), and the dorsal lateral geniculate nucleus (dLG) illustrating EYFP expression 
in GlyT2Cre;Ai32 brain. (c) Whole cell voltage clamp recording traces of photo-stimulation 
under Control (blue), 20 µM CNQX (light blue), 0.5 µM strychnine + CNQX (gray), and 3 
µM gabazine + strychnine + CNQX (green). (d,e) Photo-response amplitude (d) and 
normalized photo-response amplitude (e) of PSC under blocker conditions. (f,g) Photo-
response amplitude (f) and normalized photo-response amplitude (g) in CNQX before and 
after the addition of gabazine + strychnine. (h) Illustration of brain slice recordings in the 
IGL of the GlyT2Cre mouse 3wks following Cre-dependent ChR2 expression in the eye. (i-
j) Confocal images of EGFP expression in the IGL brain slice, fixed after recording. 
Biocytin filled IGL neuron (magenta) surrounded by SON-ipRGC terminals (green). (k) (k 
-top) Photo-stimulation evoked inward PSCs (black) that were blocked by excitatory 
neurotransmitters CNQX and DL-AP5 (green). (k – bottom) Photo-stimulation evoked 
inward PSCs (black) in tetrodotoxin and 4-aminopyridine were blocked with co-application 
of CNQX and DL-AP5 (blue).(l) Response delay indicating the time to peak following a 1 
ms ChR2 stimulation in ACSF (black; n = 3 cells mean ± SEM between trials), and 
following the application of TTX and 4-AP (magenta, n = 5, mean ± SEM between trials) 
(m) Amplitude of photo-induced PSC in ACSF before and after CNQX and DL-AP5. b 
Amplitude of photo-induced PSC in ACSF with TTX and 4-AP before and after CNQX and 
DL-AP5.  Statistical significance assessed using one-way Anova with Holm-Sidaks 
correction for multiple comparisons (***p ≤ 0.001). Scale bar = (a,i); 250 µm, (j); 50 µm. 
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Supplementary Figure 1: Fluorescent IpRGCs in the dorsal retina of the 
GlyT2Cre;Ai9 mice. 
Confocal images of melanopsin expressing (magenta) Tdtomato+ (cyan) ipRGCs in the 
dorsal (a) but not the ventral (b) hemisphere of the wholemount retina of the GlyT2Cre;Ai9 
mouse. Scale bar = (a,b); 25 µm. 
 
 

 
 
Supplementary Figure 2: Cre-dependent anterograde AAV labeling strategy  
(a) Anterograde eye injection protocol used for identifying the central projections of 
GlyT2Cre ipRGCs (Cre-dependent AAV – TdTomato; cyan) among RGC recipient areas 
(CTB labeling of all RGC axons, red). (b) A Cre-dependent AAV was used to drive 
fluorescent TdTomato expression (cyan) in the Cre+ retinal neurons. Melanopsin 
(magenta) staining confirmed that all virally labeled RGCs are ipRGCs (white). (c) Retina 
map and subtype distribution of AAV labeled GlyT2Cre ipRGCs in the retina. OFF stratified 
(cyan) and ON stratified (blue) refers to the layer of the inner plexiform layer (INL) in which 
the dendrites terminate. Scale bars: (b); 25 µm. (c); 500 µm. 
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Supplementary Figure 3: Distinct anatomical areas of the SCN innervated by axons 
from GlyT2Cre ipRGCs 
Coronal sections of the SCN of a GlyT2Cre;Ai32 mouse, presented anterior to posterior. 
EYFP-expressing GlyT2Cre ipRGCs (bottom - green) innervate previously undescribed 
locations of the SCN we call the outer core and lateral band, avoiding the SCN shell 
defined by AVP staining (bottom - magenta). DAPI (top)  provides an anatomical 
reference. Scale bars: (a-d); 100 µm. 
 
 

 
 
Supplementary Figure 4: Other sites of hypothalamic projection 
(a) Cre-dependent AAV (AAV-FLEX-tdTomato) eye injection in the GlyT2Cre mouse also 
labeled sparse projections in the lateral hypothalamus and in the anteroventral and 
anterodorsal edges of the medial amygdalar nucleus (MeAD & MeAV). (b) At the level the 
rostral ventral lateral geniculate nucleus (vLGN), before entering the geniculate complex, 
GlyT2Cre ipRGCs emerge from the optic tract and split at the peripeduncular nucleus (pp) 
(n(i)). A moderate number of ventromedial axons wrap around the cerebral peduncle (cp) 
and project nearly 1mm caudally along the ventral length of the zona incerta (ziV) (i,ii = 
inlay from n) (red arrow denotes presence of CTB). The function of the zona incerta is 
unknown. Scale bars: (a,b); 200 µm, (i,ii); 50 µm. 
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Supplementary Figure 5: Thalamic, pretectal, and collicular ipRGC projections  
Anterograde tracing of central projections in GlyT2Cre and OPN4Cre mouse lines following 
intravitreal eye injections with Cre-dependent AAV (AAV-FLEX-tdTomato). Cholera toxin 
subunit B (CTB), which labels all RGC axons, was used for anatomical assistance (a,d,j – 
red). (a-c) Confocal images of coronal brain slice reveal that ipRGCs labeled in the 
GlyT2Cre innervate the parvocellular (pc) division of the ventrolateral geniculate complex 
(vLGN) and the intergeniculate leaflet (IGL) (b) IpRGCs labeled in the OPN4Cre more 
broadly innervate the parvocellular (pc) and magnocellular (mc) divisions of the vLGN, 
IGL, and focal portions of the dorsolateral geniculate complex (dLGN) (c) GlyT2Cre ipRGCs 
also form a plexus of terminals in the lateral posterior nucleus (LP). (d-f) Confocal images 
of the olivary pretectal nucleus (OPN) identify that GlyT2Cre ipRGCs innervate the ventral 
cup of the OPN shell, where ipRGCs labeled in the OPN4Cre project to both core and shell 
regions, similar to that observed by CTB labeling (d – red). Sparse innervation to 
neighboring pretectal structures such as medial pretectal (MPT) and posterior pretectal 
(PPT) areas are also observed. (g-l) Confocal images of the superior colliculus (SC), 
reveal that GlyT2Cre ipRGCs have some innervation to the superior colliculus (SC) (h), like 
many ipRGCs and RGCs (g,i,j,l). These projections are sparse and localized to the 
superficial layer of the stratum opticum (SO) (h), with very few projections to the central 
SC, unlike those in the OPN4Cre or the CTB labeling (d –red). Scale bars: (a-c,g-l); 250 
µm, (d-f); 100 µm. 
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Supplementary Figure 6: Summary of ipRGC central projections in the GlyT2Cre 
mouse 
Graphical atlas maps (blue: axons and terminals) drawn from the brain slices of GlyT2Cre 
mice using the Franklin & Paxinos Mouse Brain Coordinate Atlas. suprachiasmatic 
nucleus (SCN) supraoptic nucleus (SON), optic tract (ot), lateral anterior hypothalamic 
(LA), anterior hypothalamic (AHC), lateral hypothalamus (LH), Medial amygdalar nucleus  
(MA) superior colliculus (SC), stratum opticum (SO), posterior pretectal area (PPT), olivery 
pretectal nucleus core & shell (OPN), ventrolateral geniculate complex (vLGN), 
intergeniculate leaflet (IGL), lateral posterior nucleus (LP), dorsolateral geniculate 
complex (dLGN). 
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        Supplementary Figure 7: Stereotactic SON injection identifies M1 GlyT2 
ipRGCs 
(a,b) Density recovery profile (per retina) of dorsal M1 ipRGCs labeled by central injection 
(SON) in GlyT2Cre (a) and OPN4Cre (b) mice. Density recovery profiles display density of 
neighboring M1 ipRGC cell bodies at distances (µm) from each soma for All M1 ipRGCs 
(black), non-SON projecting M1 ipRGCs (blue), and SON-projection M1 ipRGCs 
(magenta). M1 ipRGCs were identified morphologically. SON-projecting M1 ipRGCs = 
labeled from retrograde injection, non-SON projecting M1 ipRGCs = M1 ipRGCs not 
labeled from retrograde injection, All dorsal M1 ipRGCs = SON + non-SON projecting M1 
ipRGCs. (c) Coverage factor ei: the proportion of dendritic overlap calculated from the 
average diameter of GlyT2Cre M1 ipRGCs measured from either Neurobiotin fills (left) or 
calculated from the average diameter of M1 ipRGCs reported by Berson et al. 20102 
(right). (c - Left) (d) Dorsal retina of M1 ipRGCs (OFF stratifying)  labeled (TdTomato) by 
retrograde central injection (SON) in OPN4Cre retina (open magenta circles over soma). (g 
– middle) M1 ipRGCs not labeled by central injection (melanopsin staining) (blue circles 
over soma). (g right) overlap of SON (magenta) and non-SON (blue) projecting M1 
ipRGCs in the dorsal retina. Brown * = predicted as unlabeled SON projecting M1 ipRGC 
(GlyT2Cre ipRGC) based on mosaic spacing (still considered non-SON (blue) projecting for 
any calculations). N = 3 retina for each strain. Area = 1mm2. Values are mean+SEM. Scale 
bars: (d); 200 µm, (i,ii); 200 µm. 
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Supplementary Figure 8: SON ipRGCs have unique innervation to circadian brain 
regions 
(a-i) Focal injections of Cre-dependent retroAAV (AAVRG-DF-ChR2-mCherry) into the 
supraoptic nucleus (SON) of GlyT2Cre (left) and OPN4Cre (right) mice. In confocal images 
of coronal brain slice (200um) retrograde tracing is observed in SON (a,b), shell of the 
suprachiasmatic nucleus (SCN)(e,f), and the parvocellular division (pc) and 
intergeniculate leaflet (IGL) (h,i) of the geniculate complex, in a projection pattern similar 
that observed in brain slices from anterograde eye injections in GlyT2Cre mice (Fig. 9-13). 
(c,f) Co-stained with vasopressin (green) to aid in anatomical visualization of the SON and 
SCN shell. Confocal images of brain slices from anterograde eye injection of Cholera toxin 
subunit B (CTB) (d,g) provided for anatomical comparison. Distance from Bregma 
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determined anatomically using Franklin & Paxinos Mouse Brain Atlas. Scale bar a; 1mm, 
b,c; 200µm, d-f; 100µm, g-i; 250µm. 
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