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ABSTRACT  42 

The superior colliculus (SC) is a midbrain structure that contains one of the highest densities of 43 
inhibitory neurons in the brain and, together with the thalamocortical visual system, it plays a key 44 
role in visually guided behaviors. The SC receives direct inputs from retinal ganglion cells (RGCs) 45 
but whether excitatory and inhibitory SC neurons differentially integrate retinal activity in vivo is still 46 
largely unknown. We recently established an extracellular recording approach using high-density 47 
electrodes to measure the activity of RGCs simultaneously with their postsynaptic SC targets in vivo, 48 
that allows addressing how SC neurons integrate RGC activity. Here, we employ this method to 49 
study the functional properties and dynamics that govern retinocollicular signaling in a cell-type 50 
specific manner by identifying GABAergic SC neurons using optotagging in anesthetized VGAT-51 
ChR2 mice. We measured 305 monosynaptically connected RGC-SC pairs, out of which 52 
approximately one third of retinal afferents connect onto inhibitory SC neurons. We show that both 53 
excitatory and inhibitory SC neurons receive comparable strong RGC inputs, with functionally similar 54 
RGC-SC pairs showing stronger connections. Our results demonstrate that similar wiring rules apply 55 
for RGCs innervation of both excitatory and inhibitory SC neurons, which is unlike the cell-type 56 
specific connectivity in the thalamocortical system. Contrasting the similar RGC-SC connection 57 
strength, we observed that RGC activity contributed more to the activity of postsynaptic excitatory 58 
SC neurons than to the activity of postsynaptic inhibitory SC neurons. This implies that the excitatory 59 
SC neurons are more specifically coupled to RGC afferent inputs, while inhibitory SC neurons may 60 
integrate additional inputs from other sources. Taken together, our study deepens the understanding 61 
of cell-type specific retinocollicular functional connectivity and emphasizes that the two major brain 62 
areas for visual processing, the visual cortex and the superior colliculus, differently integrate sensory 63 
afferent inputs. 64 
  65 
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INTRODUCTION  66 

The mouse superior colliculus (SC) is a midbrain structure that receives direct inputs from retinal 67 
ganglion cells (RGCs) (Ellis et al., 2016; Kremkow and Alonso, 2018). Together with the visual cortex 68 
(Glickfeld et al., 2013; Lashley, 1931; Niell and Scanziani, 2021; Petruno et al., 2013), the SC plays 69 
a key role in visually guided behaviors (Evans et al., 2018; Hoy et al., 2019; Shang et al., 2019, 70 
2015; Wei et al., 2015). Intriguingly, the visual SC layers contain one of the highest densities of 71 
inhibitory (GABAergic) neurons in the brain (Kaneda et al., 2008; Ranney Mize, 1992) suggesting 72 
that inhibition plays a key role in visual processing within the SC. Indeed, inhibitory SC neurons (INs) 73 
are known to be involved in several sensory functions including surround suppression (Kasai and 74 
Isa, 2016) and motion processing (Barchini et al., 2018; Gale and Murphy, 2016), but also in the 75 
regulation of wakefulness (Zhang et al., 2019). However, how GABAergic SC neurons are recruited 76 
by their retinal inputs in vivo remains largely unknown (Shi et al., 2017). An understanding how RGC 77 
inputs are integrated by SC INs and SC excitatory neurons (EXNs) is crucial for reaching a 78 
mechanistic understanding of the computations within the SC microcircuit. 79 
 80 
In sensory systems, the divergence of long-range afferent axons onto GABAergic and non-81 
GABAergic neurons ensures a balance between excitation and inhibition (E/I) (Miller, 2016). For 82 
example, in sensory cortices, thalamic afferents differentially activate excitatory and local inhibitory 83 
neurons (Cruikshank et al., 2007; Ji et al., 2016) with a stronger drive onto inhibitory neurons 84 
compared to excitatory neurons (Bruno and Simons, 2002; Cruikshank et al., 2007; Gabernet et al., 85 
2005; Gibson et al., 1999; Inoue and Imoto, 2006; Swadlow, 2003). This stronger drive on inhibitory 86 
neurons establishes an effective feedforward inhibition (Agmon and Connors, 1992; Bereshpolova 87 
et al., 2020; Gabernet et al., 2005; Kremkow et al., 2010a, 2010b; Sun et al., 2006) that balances 88 
the excitation from thalamic afferents (Isaacson and Scanziani, 2011) and contributes to sharpening 89 
stimulus feature selectivity (Lee et al., 2012). Moreover, this wiring motif can partly be linked to the 90 
response properties of cortical inhibitory neurons as they typically show higher firing rates, broader 91 
tuning, low selectivity and high sensitivity (Alonso and Swadlow, 2005; Bruno and Simons, 2002; 92 
Gibson et al., 1999; Kremkow et al., 2016; Porter et al., 2001; Swadlow et al., 2002) to facilitate 93 
feedforward inhibition in response to thalamic input. Despite the importance of this afferent wiring 94 
motif for sensory processing in the thalamocortical visual circuit, it is currently unknown whether the 95 
retinocollicular pathway follows similar or different principles.  96 
 97 
We recently demonstrated that SC neurons can receive strong input from RGC axons in vivo (Sibille 98 
et al., 2022a). Moreover, around one third of retinocollicular synapses connect onto inhibitory 99 
neurons that form intrinsic connections within the SC (Whyland et al., 2020). These findings support 100 
the notion that an effective feedforward inhibition might also be at play in the retinocollicular system. 101 
But whether afferent inputs are differentially integrated by excitatory and inhibitory SC neurons, 102 
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similar to the thalamocortical system, is unknown. However, our previous study in the retinocollicular 103 
system lacks the cell-type specificity, and it remains an open question whether the strong drive is 104 
specific to inhibitory SC neurons or is a general property of retinocollicular connections, and thus 105 
cell-type independent. Therefore, whether there are any differences in connection strengths between 106 
RGCs that project to excitatory and inhibitory SC neurons is different remains elusive. In this study, 107 
we investigate how excitatory and inhibitory neurons in the SC integrate retinal inputs in vivo.  108 
 109 
We aim to answer these questions by characterizing the properties of the long-range synaptic 110 
connections between RGC-SC pairs employing a set of measurements: 1. The connection efficacy 111 
is used to study how strongly excitatory and inhibitory SC neurons are driven by their RGC input. 2. 112 
The functional similarity is analyzed between connected RGC-SC pairs to examine whether 113 
comparable wiring motifs govern retinocollicular signaling in excitatory and inhibitory neurons. 3. 114 
Short-term dynamics of retinal activity are studied to estimate whether the retinal spiking pattern 115 
shows paired-spike enhancement on retinocollicular synapses. Finally, 4. the connection 116 
contribution is employed to investigate how tightly the SC activity is coupled to retinal spiking.  117 
 118 
This study intends to generate a more detailed picture of cell-type specific retinocollicular innervation 119 
and to fill a gap concerning the different long-range functional connectivity motifs that exist along the 120 
visual pathways.  121 
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RESULTS 122 

Recording excitatory and inhibitory neurons simultaneously with RGC axons in the mouse 123 
SC in vivo 124 

To investigate the integration of retinal input in excitatory and inhibitory neurons in the SC in vivo, 125 
we recorded extracellular neural activity in the visual layers of SC in VGAT-ChR2 mice using high-126 
density Neuropixels probes (Jun et al., 2017). We employed a tangential insertion approach to 127 
maximize the extent of visually driven channels in the SC (Fig. 1A) (Sibille et al., 2022a). Notably, 128 
we recently demonstrated that this approach allows us to not only measure spiking activity from SC 129 
neurons, but also to record electrical signals from retinal ganglion cell axons (RGC) that terminate 130 
at the SC (Sibille et al., 2022a). The somatic action potentials of SC neurons can be distinguished 131 
from the axonal action potentials of RGCs based on their spatiotemporal waveforms profile (Sibille 132 
et al., 2022a). RGC axonal waveforms are triphasic with a larger spatial spread (Fig. 1D left) while 133 
somatic SC neurons show a characteristic biphasic waveform profile (Fig. 1D, middle and right). 134 
 135 
To study cell-type specific differences, we combined the Neuropixels recordings with an optogenetic 136 
identification strategy (optotagging) to identify GABAergic SC neurons in VGAT-ChR2-EYFP (Zhao 137 
et al., 2011) mice (Fig. 1A, B; data from n = 11 experiments and n = 9 mice included in the analysis, 138 
if not stated otherwise). In these transgenic mice, GABAergic neurons specifically express 139 
Channelrhodopsin-2 and can be identified upon blue light stimulation. To photo-activate a large 140 
proportion of GABAergic SC neurons using short light pulses (100ms pulses, 2Hz, 2.7 mW) we 141 
inserted the optic fiber perpendicularly to the Neuropixels probe (Fig. 1A, right, see Material and 142 
Methods). Using this recording and light stimulation configuration we could activate GABAergic SC 143 
neurons across an average of ~1.5 mm of SC tissue (light-activated range = 1.50 ± 0.41 mm, Fig. 144 
1B) which also allowed us to record SC neurons along continuous retinotopy (Fig. 1C, right) in a cell-145 
type specific manner (Fig. 1G). We used the visually evoked activity and continuous retinotopy to 146 
demarcate the boundaries of the SC (Fig. 1C). Moreover, for the characterization of excitatory and 147 
inhibitory classes of SC neurons, we limited our analysis to single units that were localized within the 148 
range of optogenetic stimulation (Fig. 1B/C, see Material and Methods). Cell types were 149 
characterized using a custom-written graphic-user-interface (GUI, see Material and Methods) to 150 
label units that were activated by the LED pulse as inhibitory neurons (INs, Fig. 1E, middle). These 151 
neurons were distinguished based on their reliable, short-latency responses to optogenetic 152 
stimulation during spontaneous (black screen) and visually evoked conditions (checkerboard 153 
stimulus, see Material and Methods). SC neurons that were not modulated by the LED pulses, but 154 
located within the light-activated range, were labeled as excitatory (EXNs, Fig. 1E bottom). As 155 
expected, retinal axons were not activated by the LED pulse (Fig. 1E, top), except for a few cases 156 
(4/326 RGCs) which were excluded from the connectivity analysis in this study. In total, we recorded 157 
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326 RGC axons and 680 SC neurons. Among the recorded SC neurons one third (31.2%) were 158 
GABAergic (Fig. 1G, n = 468 EXNs, n = 212 INs).  159 
 160 
Having sorted the SC neurons into the cell classes using optogenetic stimulation (EXNs and 161 
optogenetically identified INs) we compared different spike waveform features to test whether SC 162 
neurons show differences in their waveforms. Characterizing the spike waveforms is commonly used 163 
in the cortex or hippocampus to differentiate between glutamatergic and GABAergic neurons (Lee 164 
et al., 2016; Moore and Wehr, 2013; Niell and Stryker, 2008). However, the separation based on 165 
differences in waveform features was not an adequate measure to separate SC EXNs from SC INs 166 
(Supplementary Fig. 1). This result is in line with findings by Essig et al. who did not observe a cell 167 
type specific difference between waveform features in the SC (Essig et al., 2021). Similar findings 168 
have been shown in the inferior colliculus (Ono et al., 2017), a neighboring midbrain structure, 169 
suggesting that waveform classification analyses used in the cortex are not suitable for distinguishing 170 
neurons in the midbrain. 171 
 172 
To further characterize the response properties of the different cell classes (RGC, SC INs, SC 173 
EXNs), we measured their firing rates (FR) in response to a natural movie stimulus provided in 174 
Froudarakis et al. (2014) (Froudarakis et al., 2014) (see Material and Methods). We found that RGCs 175 
showed the highest FR (mean firing rate RGC = 11.3 ± 10.5 spikes/s, n = 326 EXNs; Fig. 1G, 176 

bottom). On average, the mean FR in SC INs (mean firing rate IN = 5.9 ± 6.0 spikes/s, n = 212 INs) 177 

was 1.8 times higher compared to that of SC EXNs (mean firing rate EXN = 3.2 ± 4.9 spikes/s, n = 178 

468 INs, SC EXN vs SC IN p = 3.1567´10-15, SC EXN vs RGC p = 4.8362´10-40, SC IN vs RGC p = 179 
2.738810-8, two-sided Wilcoxon rank-sum test). Our results are in line with previous studies by Reid 180 
(1998, 2003) showing that RGCs show high mean firing rates (Kara and Reid, 2003; Usrey et al., 181 
1998). Moreover, from other midbrain areas it is also known that GABAergic neurons show higher 182 
FRs compared to glutamatergic cells (Ono et al., 2017).  183 
 184 
In summary, by combining Neuropixels recordings to measure the activity of RGC axons and SC 185 
neurons with optogenetic identification of GABAergic SC neurons, it becomes possible to measure 186 
monosynaptic retinocollicular connectivity in vivo and retinal innervation strength in a cell-type 187 
specific manner.  188 
 189 
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 190 
Fig. 1 Simultaneous extracellular recordings of RGC axons and SC neurons combined with 191 
optotagging identifies GABAergic neurons in VGAT-ChR2 mice. A, Recording configuration for tangential 192 
electrode insertion and optotagging in the visual layers of mouse SC. The optogenetic fiber is inserted 193 
perpendicularly to the Neuropixels probe to activate GABAergic cells in VGAT-ChR2 mice. RGC afferents 194 
(orange) project onto GABAergic (blue) and non-GABAergic (black) neurons in SC. B, Multi-unit response 195 
(MUA) to optogenetic stimulation along the 384 recording sites during the presentation of a black screen. The 196 
large spatial extend of the optogenetic activation is evident. Gray vertical bar = light artifacts induced by the 197 
LED stimulation. C, Visually evoked MUA during the presentation of a sparse noise stimulus along the 198 
recording sites. Receptive field contours of recording sites with high signal-to-noise ratio. The color code 199 
reflects the location within the SC. Scale bar represents 10 degree. D, Spatiotemporal waveform profiles. 200 
Single channel waveforms identified at the peak channel (top) and multi-channel waveforms (bottom) for RGC 201 
axon (left, orange) and inhibitory (middle, blue) and excitatory (right, gray) SC neurons. Receptive fields (RFs) 202 
indicate visually responsive neurons. E, Identification of SC cell-types via optotagging. Raster plots and peri-203 
stimulus time histograms (PSTHs) for single-neuron responses to blue light pulses (100ms) presented under 204 
baseline conditions. Excitatory SC neurons (EXNs, bottom) and RGCs (top) do not respond to the LED pulse, 205 
while GABAergic SC neurons respond to the light pulse with an increase in spiking response (middle). 206 
Optogenetic stimulation period is highlighted in blue. The colored scale bars on the right represent 20 Hz firing 207 
rate. F, PSTHs and raster plots for different cell types shown in E in response to a natural movie stimulus (10s, 208 
30 trials). Note the high firing rate in RGCs.  G, Top: Proportion of identified GABAergic (INs, blue), non-209 
GABAergic (EXNs, gray) SC neurons and retinal axons (RGCs, orange) populations. Note that around one 210 
third of the captured SC neurons are GABAergic (n = 326 RGCs, n = 468 EXNs, n = 212 INs). Bottom: Mean 211 
firing rates in response to a natural movie stimulus presented for 10s, 30 trials. Two-sided Wilcoxon rank-sum 212 
test.  213 
 214 
  215 

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

The copyright holder for this preprintthis version posted April 8, 2023. ; https://doi.org/10.1101/2023.04.07.536092doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.07.536092
http://creativecommons.org/licenses/by/4.0/


 216 
 217 
Supplementary Fig. 1 Spike waveform features analysis for GABAergic and non-GABAergic neuron 218 
populations in the SC. A, Top: Illustration of features extracted from single-channel waveforms (magenta 219 
circles indicate the trough and peak).  Middle and bottom: Single-channel mean waveforms for non-GABAergic 220 
(gray; n = 468) and GABAergic (blue, n = 212, n = 9 mice) SC populations (mean±SEM). B-D, Distribution of 221 
waveform features extracted from single-channel waveforms for inhibitory and excitatory SC populations. 222 
Peak-to-trough duration represents the time between trough and peak (p = 4.05´10-10). Peak-to-trough ratio 223 
represents the ratio between amplitudes of peak and trough (p = 4.45´10-9).  Amplitude is the absolute 224 
difference between trough and peak (p = 1.38´10-9). E, Distribution of waveform spread along the probe 225 
extracted from multichannel waveforms for GABAergic and non-GABAergic SC populations (p = 1.58´10-4, n 226 
= 468 EXNs, n= 212 INs, Two-sided Wilcoxon rank-sum test).  227 
  228 
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Retinal input integration in excitatory and inhibitory SC neurons 229 

To study the monosynaptic retinocollicular connectivity in vivo and retinal innervation strength, we 230 
identified putative monosynaptically connected RGC-SC pairs employing established cross-231 
correlation analysis (CCG) methods (Alonso et al., 2001; Bereshpolova et al., 2020; Sibille et al., 232 
2022a). A significant transient and a short-latency peak in the spike train CCG is a hallmark of 233 
monosynaptic connectivity (Fig. 2A) and identifies connected RGC-SC pairs. We measured up to 98 234 
monosynaptic connections in individual recordings, depending on the number of measured RGC 235 
axons (Fig. 2C). In total, we identified 305 connected RGC-SC pairs, of which 29.8% were retinal 236 
axons that connected onto GABAergic SC neurons (n = 214 connected RGC-SC EXN pairs, n = 91 237 
connected RGC-SC IN pairs, Fig. 2B/D). This high yield in monosynaptically connected pairs was 238 
due to the close proximity of the simultaneously recorded RGC axons and SC neurons on the high-239 
density electrode (Fig. 2D, bottom) (Sibille et al., 2022a). For most of the connected RGC-SC pairs 240 
the peak channels on the electrode were on average 50-60 µm apart on the probe and hence within 241 
SC (distance RGC-EXN: median = 40.0 µm, first quartile = 25.61 µm, third quartile = 62.1 µm; 242 
distance RGC-IN: median = 51.22 µm, first quartile = 32.0 µm, third quartile = 83.08 µm). We found 243 
a significant difference in peak channel distance between RGC-SC EXN and RGC- SC IN pairs with 244 
longer distances between RGC axons and inhibitory SC neurons (p = 0.03287, two-sided Wilcoxon 245 
rank-sum test), however, the effect size was small (Cohen’s d = 0.0915). The maximum distance for 246 
retinal axons and inhibitory SC neurons was 240 µm, while the peak channels of one RGC-SC EXN 247 
pair were 960 µm apart. The latter pair might include a SC wide field neuron as these cells are 248 
excitatory and their dendritic arbor widths have been reported to spread up to 900 µm (Gale and 249 
Murphy, 2014).  250 
 251 
To assess the connection strength between RGCs and excitatory and inhibitory SC neurons, we 252 
calculated the connection efficacy (Usrey et al., 1999). The efficacy measures the connection 253 
strength as the probability of an RGC spike triggering an action potential in the postsynaptic SC 254 
neuron (see Material and Methods). We found highly diverse connectivity patterns for RGC-SC EXC 255 
and RGC-SC IN pairs. RGC activity evoked robust firing in both SC cell types (Fig. 2E, top), however, 256 
pairs with weak connection strength were also observed as recently described in Sibille et al. (2022a) 257 
(Fig. 2E, bottom). Across the population, both SC cell types received similarly strong input from the 258 
retina (efficacy RGC-SC IN: median = 4.54 %, Q1 = 2.2 %, Q3 = 7.96 %, maximum = 62.05 %, n = 259 
91 connected pairs, Fig. 2F) compared to RGC-SC EXNs (efficacy RGC-SC EXN: median = 3.5 %, 260 
Q1= 1.96 %, Q3 = 5.89 %, maximum = 41.12, n = 214 connected pairs). While we observed a 261 
tendency for slightly stronger RGC-SC IN connections, this difference was not statistically significant 262 
(p = 0.0534, two-sided Wilcoxon rank-sum test). In addition, we examined whether excitatory and 263 
inhibitory cells show differences in their peak latencies in response to presynaptic retinal spiking. 264 
However, we did not find a significant difference in peak latencies between RGC-SC EXN and RGC-265 
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SC IN pairs (Fig. 2G, peak latency for RGC-SC EXN = 1.4 ± 0.3 ms, n = 214 connected pairs; peak 266 

latency for RGC-SC IN = 1.4 ± 0.4 ms, n = 91 connected pairs, p = 0.321, two-sided Wilcoxon rank-267 
sum test). 268 
 269 
Here, we set out to explore how RGC spikes drive the activity in postsynaptic excitatory and inhibitory 270 
SC neurons. We did not find a cell-type specific difference in connection strength and therefore 271 
conclude that inhibitory and excitatory SC neurons are innervated comparably strong and are both 272 
reliably driven by their retinal inputs. 273 
 274 

 275 
Fig. 2 Retinal innervation is similarly strong to excitatory and inhibitory SC neurons. A, 276 
Monosynaptically connected RGC-SC EXN (gray) and RGC-SC IN (blue) pairs are identified via cross-277 
correlation analysis (CCG). B, CCGs of connected RGC-SC EXN and RGC-SC IN pairs sorted by their peak 278 
latency (n = 214 RGC-SC EXN, n = 91 RGC-SC IN, n= 11 recordings). C, Connectivity matrix from a single 279 
recording. Gray marks indicate connections onto excitatory SC neurons, blue marks indication connections 280 
onto inhibitory SC neurons. RGC axons and SC neurons are sorted by their peak channel along the electrode. 281 
D, Distribution of peak channel distances between RGC axons and connected SC neurons (p = 0.0328, two-282 
sided Wilcoxon rank-sum test). Inset shows pie chart of identified RGC-SC IN and RGC-SC EXN pairs. E, 283 
Elicited SC spiking in response to firing of a presynaptically connected retinal ganglion cell (RGC). Raster plot 284 
shows SC firing to 1000 randomly selected RGC spikes. Both SC cell types show robust activation upon RGC 285 
spiking (top) but also weaker connections can be found (bottom). F, Synaptic efficacy as a measure for 286 
connection strength for RGC-SC EXN and RGC-SC IN connected pairs (p = 0.053, n = 214 RGC-SC EXN, n 287 
= 91 RGC-SC IN). G, Peak latency responses for RGC-SC EXN and RGC-SC IN pairs triggered on retinal 288 
spiking (p = 0.321). Two-sided Wilcoxon rank-sum test. 289 
 290 
  291 
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Functional similarity of retinocollicular connections  292 

In sensory cortices, inhibitory neurons are less selective and receive a diverse and nonspecific set 293 
of thalamic inputs compared to excitatory neurons that receive more specific thalamic inputs (Alonso 294 
and Swadlow, 2005; Bruno and Simons, 2002). However, the selectivity and functional similarity 295 
between RGCs and their excitatory and inhibitory target populations in SC remains largely unknown 296 
(Shi et al., 2017). Despite both SC populations showing a similar innervation strength from retinal 297 
axons, inhibitory neurons could sample from a more functionally diverse population of RGCs. To test 298 
this, we characterized the functional similarity between the RGCs and their connected postsynaptic 299 
SC neurons. To this end, we calculated the correlation coefficients between the trial-averaged 300 
visually evoked activity of connected RGC-SC pairs in response to light and dark sparse noise stimuli 301 
(rSL & rSD) as well as the natural movie stimulus (rNM) (Fig. 3A/B, RGC-SC with high signal-to-noise 302 
in their receptive, see Material and Methods). To quantify the overall functional similarity by a single 303 
similarity value, we averaged the three correlation measurements (similarity = (rSL+ rSD + rNM)/3). A 304 
similarity value of 1 corresponds to perfectly correlated visually driven responses, while a value of 0 305 
signifies uncorrelated responses. In our data, the RGC-SC pairs span a wide range of functional 306 
similarity, however, we found no significant difference between RGC-SC EXN and RGC-SC IN pairs 307 
(similarity for RGC-SC EXN = 0.45 ± 0.15 and RGC-SC IN = 0.40 ± 0.17, n = 85 RGC-SC EXN pairs, 308 
n = 29 RGC-SC IN pairs, p = 0.245, two-sided Wilcoxon rank-sum test, Fig. 3C). In a next step, we 309 
correlated the connection efficacy measure to the similarity index. The synaptic efficacy was 310 
positively correlated with the functional similarity of the connected pairs, with a stronger correlation 311 
for RGC-SC IN pairs (RGC-SC EXN r = 0.29, p = 0.007; RGC-SC IN r = 0.471, p = 0.01, Fig. 3D). 312 
Overall, we observed that functionally similar pairs are more strongly connected. However, we also 313 
observed cases of relatively strong connected RGC-SC pairs (~10%) with low similarity (Fig. 3D), 314 
suggesting that some SC neurons receive convergent input from a functionally more diverse pool of 315 
RGC afferents (Sibille et al., 2022a). Our findings delineate that both RGC-SC EXN and RGC-SC 316 
IN connected pairs are organized, while functionally similar properties between the pre- and 317 
postsynaptic neuron are reflected in a stronger connection.  318 
 319 
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 320 
Fig. 3 Characterization of functional similarity between retinocollicular connected pairs. A, 321 
Spatiotemporal receptive fields (STRF) evoked by a dark sparse noise stimulus for RGC-SC EXN and RGC-322 
SC IN connected pairs. The functional similarity of the RGC axon and the postsynaptic SC neuron is 323 
characterized by the correlation coefficient rSD. B, Visually evoked activity in response to a natural movie 324 
stimulus for the connected pairs shown in A together with their correlation coefficient values rNM. C, The overall 325 
functional similarity between the presynaptic RGC and the postsynaptic SC neurons is reflected in the similarity 326 
index calculated from the averaged correlation coefficients (rSD + rSL + rNM)/3 (p = 0.245, two-sided Wilcoxon 327 
rank-sum test, n = 85 RGC-SC EXN pairs, n = 29 RGC-SC IN pairs). D, Relationship between similarity index 328 
and connection efficacy (RGC-SC EXN r = 0.29, p = 0.007; RGC-SC IN r = 0.471, p = 0.01; Pearson correlation 329 
coefficient test; n = 85 RGC-SC EXN pairs, n = 29 RGC-SC IN pairs).  330 
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Paired-spike interactions of the retinocollicular connections 331 

We showed that retinal spikes are efficient in driving SC activity for both excitatory and inhibitory 332 
neurons. As the timing of presynaptic activity has been assessed as a parameter that modulates 333 
postsynaptic firing (Zucker, 1989) and connection strength (Kara and Reid, 2003; Usrey et al., 1998), 334 
we wanted to know whether the temporal pattern of retinal activity has different effects on the 335 
synaptic efficacy of excitatory and inhibitory SC neurons. To that end, we studied the short-term 336 
dynamics (facilitation or depression) of the measured connections and performed a paired-spike 337 
analysis approach as described by Usrey and colleagues in 1998 (Usrey et al., 1998). A pair of 338 
retinal spikes (1st, 2nd RGC) was defined by its temporal firing patterns: inter-spike interval (ISI) and 339 
dead time. We selected RGC spikes for which a 1st RGC followed the 2nd RGC by a specific ISI 340 
(minimum ISI = 5ms, maximum ISI = 30ms). The dead time ensured that the 1st RGC was preceded 341 
by a minimum period without activity (30ms) (Fig. 4A).  342 

We found that overall 2nd retinal spikes were more efficient in driving SC activity, and thus 343 
facilitating. This was true for both RGC-SC EXN (efficacy 1st RGC: median = 1.8 %, Q1 = 0.77 %, 344 
Q3 = 4.47 %; efficacy 2nd RGC: median = 2.66 %, Q1 = 1.16 %, Q3 = 6.07 %, p 1st vs 2nd = 3.13 ´ 345 
10-25, n = 214 pairs) and RGC-SC IN connected pairs (efficacy 1st RGC: median = 3.66 %, Q1 = 1.6, 346 
Q3 = 8.61; efficacy 2nd RGC: median = 4.33, Q1 = 2.03, Q3 = 8.25, p 1st vs 2nd = 1.68 ´ 10-6, n = 91 347 
pairs, Wilcoxon signed-rank test) (Fig. 4B, C). This effect is known as paired-spike enhancement 348 
and has been reported earlier in retinogeniculate (Mastronarde, 1987; Usrey et al., 1998) and 349 
geniculocortical (Usrey et al., 2000) connections. The majority of retinocollicular connected pairs 350 
showed paired-spike enhancement where 2nd retinal spikes were more effective in driving SC 351 
response (86.45% (185/214) RGC-SC EXN pairs, 80.22 % (73/91) RGC-SC IN pairs). The effect 352 
was more pronounced in RGC-SC EXN pairs where the 2nd retinal spike was 1.7 times as effective 353 
in driving responses in the postsynaptic SC neuron while for RGC-SC IN pairs, the 2nd retinal spike 354 
was only 1.3 times more efficacious in driving SC spiking. To quantify this observation, we calculated 355 
the paired-spike ratio (PSR = efficacy 2nd/efficacy 1st) which confirmed a higher facilitation effect for 356 
RGCs connecting into excitatory neurons (PSR RGC-SC EXN = 1.711 ± 1.14; RGC-SC IN: 1.281 ± 357 
0.414, p = 0.00002582, Wilcoxon rank-sum, n = 305 pairs, Fig. 4D). 358 

Previous work in the thalamocortical system has shown that weaker synaptic connections 359 
can be more strongly modulated compared to strong synaptic connections (Ferrarese et al., 2018). 360 
To test the notion that also in the retinocollicular system, connected pairs with lower efficacy in 361 
response to 1st RGCs show greater enhancement in response to the 2nd RGCs, we correlated the 362 
efficacy of the 1st RGC to the PSR (Fig. 4E). We found a negative correlation of efficacy to 1st RGC 363 
and PSR for both RGC-SC EXN (r = 0.3314, p = 7.0148 ´ 10-7, n = 214 pairs) and RGC-SC IN pairs 364 

(r = 0.4767, p = 1.7714 ´ 10-6, n = 214 pairs). However, we found pairs that show low efficacy to 1st 365 
RGC and low PSR. Taken together, we observed paired-spike enhancement in RGCs connecting 366 
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onto both inhibitory and excitatory SC neurons with a stronger facilitation effect for retinal afferents 367 
connecting onto excitatory, in comparison to inhibitory, SC neurons. 368 
 369 

 370 
 371 
Fig. 4 Paired-spike dynamics: Second retinal spikes are more efficient in driving SC response. 372 
A, Schematic illustrating the temporal dynamics between two successive RGC spikes. Pairs of RGC spikes 373 
with a minimum inter-spike interval (ISI) of 5 ms and maximum ISI of 30 ms were included if there were no 374 
preceding spikes before the 1st RGC for a dead time of at least 30ms. B, Cross-correlograms (CCG) of 375 
example RGC-SC EXN and RGC-SC IN pairs calculated from spike trains selected for 1st and 2nd RGCs and 376 
the corresponding raster plots to 1000 trials triggered on RGC spikes. C, Scatter plot of efficacies for 1st 377 
versus 2nd retinal spikes. The majority of connected pairs (185/214 RGC-SC EXN pairs; 73/91 RGC-SC IN 378 
pairs) showed paired-spike enhancement in response to 2nd RGC spikes. D, Paired-spike ratio (PSR) for 379 
RGC-SC EXN and RGC-SC IN connected pairs. The paired pulse enhancement is stronger in SC-EXNs (n = 380 
214 RGC-SC EXN; n = 91 RGC-SC IN, p = 2.581´10-5, two-sided Wilcoxon rank-sum test). E, Correlation of 381 
1st RGC efficacy with the PSR for connected pairs (r = 0.3314 for n = 214 RGC-SC EXN pairs and r = 0.4767 382 
for n = 91 RGC-SC IN pairs; Pearson correlation coefficient test).    383 
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Inhibitory SC neurons are less coupled to the retina compared to excitatory SC neurons 384 

Our data so far reveals that excitatory and inhibitory SC neurons receive similarly strong drive from 385 
their retinal afferents. However, we observed a higher mean firing rate in SC INs compared to SC 386 
EXNs, on average (Fig. 1G), which is intriguing given the similarity in the RGC drive on both cell 387 
types. A possible explanation could be that the activity of SC INs is less coupled to the RGC inputs 388 
as compared to that of SC EXNs, i.e. SC INs spikes are less often driven by their RGC inputs. To 389 
examine how strongly the activity of the two populations of SC neurons is coupled to the activity of 390 
individual RGC inputs, we estimated the synaptic coupling strength from the connection contribution 391 
(Levick et al., 1972; Sibille et al., 2022a; Usrey et al., 1999) of the measured retinocollicular pairs. 392 
The connection contribution reflects the fraction of postsynaptic SC spikes that are preceded by a 393 
presynaptic retinal spike within a short time window (Fig. 5A). High contribution values indicate that 394 
SC neurons are primarily driven by individual RGC afferent inputs, while low contribution values point 395 
towards an integration of multiple inputs.  396 
 397 
Interestingly, we found that the contribution of individual retinal spikes on SC activity was higher for 398 
excitatory compared to inhibitory SC neurons (Fig. 5B) (contribution RGC-SC EXN: median = 399 
18.27% Q1 = 10.79%, Q3 = 29.69%, n = 214; contribution RGC-SC IN: median = 12.2%, Q1 = 400 
6.61%, Q3 = 23.02%, n = 91 connected pairs, p = 0.00034694, two-sided Wilcoxon rank-sum test). 401 
This opens up the possibility that SC EXNs might be more specifically linked to the retinal input 402 
compared to SC INs. To assess the relationship between the coupling strength and the functional 403 
similarity, we correlated both measures and found a positive correlation suggesting that stronger 404 
coupled pairs show higher similarity (Fig. 5C). This correlation was higher for RGC-SC EXN pairs 405 
(RGC-SC EXN r = 0.502, p = 1.0 ´10-6, n = 85 pairs) compared to RGC-SC IN (r = 0.481, p = 406 
0.0081839, n = 29 pairs, Pearson correlation coefficient test). Moreover, we observed a diversity of 407 
firing rates in both SC EXNs and SC INs (Fig. 1G) which suggests that low contribution values are 408 
related to the mean firing rates of the SC neurons. And indeed, when we correlated the contribution 409 
to the mean firing rate, we found a negative correlation for both RGC-SC EXN and RGC-SC IN pairs 410 
(RGC-SC EXN r = -0.16985, p = 0.01284; RGC-SC IN r = -0.40215, p = 0.00008, Pearson correlation 411 
coefficient, n = 214 RGC-EXN; n = 91 RGC-IN connected pairs) (Fig. 5D).  412 
 413 
Taken together, the cell-type specific difference in retinal coupling strength suggests that retinal input 414 
contributes a substantial part to the spiking activity of excitatory SC neurons, while inhibitory SC 415 
neurons seem to also integrate inputs from other sources. This finding denotes that excitatory SC 416 
neurons are more tightly linked to the retinal input compared to inhibitory SC neurons.  417 
 418 
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 419 
Fig. 5 Connection contribution is higher in connected RGC-SC EXN pairs. A, Example CCGs of 420 
monosynaptically connected RGC-SC EXN (top) and RGC-SC IN (bottom) pairs. Connected pairs were 421 
identified by their peaks in the CCGs (left). Raster plots of RGC spiking activity triggered on 1000 SC spikes 422 
(right). B, Population data on contribution measures for RGC-SC EXN and RGC-SC IN pairs (n = 114 RGC-423 
SC EXN pairs, n=91 RGC-SC IN pairs, p = 0.0003, two-sided Wilcoxon rank-sum test). C, Relationship 424 
between functional similarity index and connection contribution (Pearson correlation coefficient test; n = 85 425 
RGC-SC EXN pairs, n = 29 RGC-SC IN pairs). D, Correlation of mean firing rate (to natural movie stimulus) 426 
and contribution for RGC-SC EXN and RGC-SC IN pairs (Pearson correlation coefficient, two-sided Wilcoxon 427 
rank-sum test, n = 214 RGC-EXN and n = 91 RGC-IN connected pairs; n = 11 penetrations from 9 mice). 428 
 429 
  430 
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DISCUSSION 431 

In this study, we elucidate how inhibitory and excitatory SC neurons integrate visual information from 432 
the retina in vivo. By combining the tangential Neuropixels recording approach with optotagging 433 
techniques, we were able to measure RGC-SC connected pairs in a cell-type specific manner and 434 
study their functional organization. Our findings allow the following conclusions: (1) The retinal drive 435 
is similarly strong for RGCs connecting onto GABAergic and non-GABAergic SC neurons. (2) The 436 
connection strength between the RGCs and both SC cell classes is positively correlated with their 437 
functional similarity, while still allowing for the presence of strong connections with low functional 438 
similarity. (3) Paired-spike enhancement in RGC-SC connections was a signature for both excitatory 439 
and inhibitory SC neurons. Finally, (4) the contribution of a retinal spike to overall SC firing is higher 440 
in excitatory SC neurons compared to inhibitory SC neurons.  441 
 442 
We studied retinocollicular connectivity strength and aimed to answer the question whether 443 
excitatory and inhibitory SC populations use similar or different coding schemes to integrate visual 444 
information compared to the thalamocortical visual system. Connectivity patterns and circuit motifs 445 
have been extensively studied in the thalamocortical system, yet our understanding of the encoding 446 
mechanisms that govern retinocollicular signaling remains rudimentary albeit recent studies 447 
suggested that feedforward inhibition might be at play (Villalobos et al., 2018; Whyland et al., 2020). 448 
While cortical inhibitory neurons are more strongly activated by thalamic axons compared to 449 
excitatory neurons (Bruno and Simons, 2002; Cruikshank et al., 2007; Ji et al., 2016), our results 450 
now show that in the SC, the afferent retinal drive is comparably strong on excitatory and inhibitory 451 
neurons. This finding is intriguing and suggests that the two major visual brain structures in the 452 
vertebrate brain, the visual cortex and the SC, integrate afferent sensory information differentially.  453 
 454 
Several parameters for example the degree of convergence (Kara and Reid, 2003), response 455 
properties (Alonso et al., 2001), synaptic mechanisms (Cruikshank et al., 2007) or spiking patterns 456 
(Usrey et al., 1998) can have meaningful effects on modulating the input strength on the target cell. 457 
SC neurons receive input from a small number (~6) of RGCs (Chandrasekaran et al., 2007). In 458 
contrast, cortical neurons receive numerous (approximately one order of magnitude more) thalamic 459 
inputs that are usually weak (Bruno and Sakmann, 2006; Jin et al., 2011; Lien and Scanziani, 2018). 460 
Overall, we observed strong retinal drive onto both SC populations indicated by high efficacy values 461 
(Fig. 2). One hypothesis is that convergence might be low in retinocollicular pairs as recently 462 
suggested by Sibille et al. (2022); however, despite the limited input from RGCs, these inputs may 463 
be sufficiently strong to drive the SC. This is in contrast to thalamocortical inputs, where individually 464 
efficacy values are low, but the thalamic drive is boosted by synchronously active thalamic inputs 465 
(Alonso et al., 1996; Bruno and Sakmann, 2006). Our recording method allows for the simultaneous 466 
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recording of multiple RGC afferents from SC neurons making it possible to evaluate how the 467 
synchrony among RGC afferents modulates the firing of postsynaptic SC neurons in future studies.  468 
 469 
The difference in connection strength between cortical excitatory and inhibitory neurons could be 470 
partly attributed to their differences in response properties. Cortical inhibitory neurons display higher 471 
sensitivity, receive more convergent thalamic input, have higher firing rates and sample more 472 
randomly while excitatory neurons receive highly functional specific thalamic input (Kyriazi et al., 473 
1994; Reid and Alonso, 1995; Simons and Carvell, 1989). While we observed higher firing rates in 474 
inhibitory SC neurons (Fig. 1G), the efficacy of the RGC-SC connections was comparable between 475 
both types of neurons (Fig. 2F), suggesting that the sensitivity of both neuron types is not markedly 476 
disparate. In general, visual response properties between excitatory and inhibitory neurons in the 477 
SC may not differ to such a great extent (Inayat et al., 2015; Kasai and Isa, 2016; Shi et al., 2017), 478 
(but see Barchini et al., 2018; Li and Meister, 2022), and experiments in the inferior colliculus show 479 
that GABAergic and glutamatergic cells share similar response properties (Ono et al., 2017). These 480 
observations imply that in the SC and other parts of the midbrain, the cell-type specific difference in 481 
terms of selectivity might not be as strongly separated as in the cortex. Future studies are required 482 
to deeper investigate the differences in response properties of the subclasses of SC neurons and 483 
whether these properties are correlated to the RGC-SC connection strength. 484 
 485 
In our results, we observed an overall trend that functionally similar RGC-SC pairs show stronger 486 
connections which was true for both excitatory and inhibitory pairs (Fig. 3). However, we also find 487 
pairs with considerably strong retinocollicular connectivity (efficacy values >10%) albeit the 488 
functional similarity between these connected cells was low (Fig. 3D). This observation suggests 489 
that SC neurons may either show high projection-specificity by integrating inputs from a functional 490 
homogeneous population of RGCs (Li and Meister, 2022; Shi et al., 2017; Sibille et al., 2022a) or 491 
receive diverse inputs from multiple functional RGC types (Li and Meister, 2022; Sibille et al., 2022a). 492 
Moreover, a high degree of projection-specificity was recently shown to be maintained even 493 
disynaptically towards brain regions downstream of the SC (Reinhard et al., 2019), suggesting that 494 
at least one important role of the RGC-SC projection is to preserve the representation of the 495 
functionally diverse retinal channels (Baden et al., 2016). In our study, we investigated the functional 496 
similarity between connected RGC-SC pairs in response to sparse noise and natural movie stimuli. 497 
And while we observed a diversity among the similarities between RGCs and connected SC neurons, 498 
supporting the idea that SC neurons may follow diverse wiring motifs (Sibille et al., 2022a), we 499 
observed no clear difference between inhibitory and excitatory SC neurons (Fig. 3C). To further 500 
address the influence of functional properties on wiring mechanisms, it would be interesting to target 501 
the pool of different RGC types and to study how strongly they recruit SC subpopulations and 502 
modulate postsynaptic responses.  503 
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Temporal dynamics of presynaptic activity patterns are known to play a role in modulating synaptic 504 
strength (Usrey et al., 1998; Zucker, 1989). To study how the temporal spiking pattern of the RGC 505 
activity shapes RGC-SC connectivity, we analyzed the paired-spike dynamics. Across the 506 
population, we found a facilitating effect where responses to 2nd retinal spikes were more efficient in 507 
driving SC activity for both SC neuron populations. However, the paired-spike enhancement was 508 
more pronounced for excitatory than inhibitory neurons (Fig. 4).  Moreover, our observation 509 
highlights differences in the encoding strategies used by different regions of visual processing. While 510 
retinogeniculate connections show paired-spike enhancement (Usrey et al., 1998), thalamocortical 511 
and corticotectal synapses express mostly depressing dynamics (Bereshpolova et al., 2006; 512 
Swadlow et al., 2002; Swadlow and Gusev, 2001), but see (Usrey et al., 2000). Our data now reveals 513 
that retinocollicular connections facilitate, suggesting that the temporal integration of RGC inputs by 514 
SC neurons may be similar to the visual thalamus. 515 
 516 
In our study, we used cross-correlograms that were calculated from spike trains throughout the full 517 
recording period, to be applied on different connectivity strength measures. However, paired-spike 518 
dynamics are known to be modulated by the local temporal structure of inputs, for example the visual 519 
stimulus presented (Usrey et al., 1998). In addition, facilitating and depressing effects can change 520 
with the target population (Bereshpolova et al., 2006). Further studies are required to investigate 521 
whether the facilitating effect observed in our study changes upon targeting defined collicular 522 
subpopulations that may have differences in firing rates or during different stimulus conditions (e.g. 523 
spontaneous and stimulus evoked). In this study, retinocollicular connectivity was measured in 524 
anesthetized conditions. For future studies it would be interesting to examine connectivity dynamics 525 
and innervation strength in awake conditions as it has been shown that retinocollicular synapses are 526 
modulated by the animals’ level of arousal (Schröder et al., 2020).   527 
 528 
Despite our observation that retinal drive is similarly strong onto both SC cell types, the contribution 529 
of retinal activity to individual SC neurons firing was higher in excitatory SC neurons. This opens up 530 
the possibility that excitatory SC neurons may be more specifically linked to retinal inputs, while 531 
GABAergic SC cells might receive excitation from other sources aside from the retina. This finding 532 
raises the question on what other sources could drive spiking in inhibitory SC neurons?  533 
1) RGCs provide the main input to the superficial SC (Ellis et al., 2016) with limited convergence 534 
(Sibille et al., 2022a). Nonetheless, the convergence may be higher for RGCs connecting onto 535 
inhibitory SC neurons which could explain the lower contribution and higher mean firing rates we 536 
found in inhibitory neurons.  However, it has to be considered that our in vivo recording technique is 537 
limited in capturing the total pool of converging RGC inputs on a neuron (Sibille et al., 2022a). Viral  538 
retrograde transsynaptic tracing methods (Muellner and Roska, 2023; Rompani et al., 2017), could 539 
be employed to study the full presynaptic RGC pool of single SC neurons. 540 
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2) In addition to retinal inputs, the SC receives extensive projections from the visual cortex (V1) that 541 
could act as a potential candidate to excite inhibitory neurons. And while indeed GABAergic 542 
horizontal cells have been shown to receive V1 input (Whyland et al., 2020), the majority (93%) of 543 
corticotectal terminals target the dendrites of non-GABAergic neurons in the SC (Masterson et al., 544 
2019). Therefore, more work is needed and studying V1 excitation to defined inhibitory 545 
subpopulations will be an important topic to be investigated by the use of tracing studies and will 546 
shed light into this complexity.  547 
3) Intracollicular connections can provide a source of recurrent excitation on SC neurons, amplifying 548 
the retinal drive (Shi et al., 2017). However, the cell-type specificity of the intracollicular amplification 549 
is still debated. For example, while GAD2-positive horizontal cells get excitatory inputs from stellate 550 
cells (Gale and Murphy, 2018), intracollicular connectivity originating from neighboring excitatory cell 551 
types such as narrow-field (NF) and wide-field (WF) cells has shown to be rare (Gale and Murphy, 552 
2018). Next-generation in vitro multi-neuron patch-clamp recordings (Campagnola et al., 2022) could 553 
reveal important new insights into the cell-type specific (Ayupe et al., 2023) intracollicular wiring. 554 
4) In addition, collicular neurons in the visual layers also get inputs from deeper SC layers. However, 555 
excitatory connections from deep SC to the upper layers are rather uncommon (Gale and Murphy, 556 
2018; Ghitani et al., 2014). Despite these studies have highlighted different sources of excitation 557 
onto inhibitory SC neurons, further studies are required that elucidate the role and strength of input 558 
that deep SC layers or external sources provide to drive inhibitory SC populations.   559 
 560 
In this study, we recorded populations of well-isolated single units including RGCs as well as 561 
GABAergic and non-GABAergic SC neurons in VGAT-ChR2 mice in vivo. Our approach using 562 
VGAT-ChR2 mice to target all types of inhibitory SC neurons that express the vesicular GABA 563 
transporter VGAT enables a first impression on how inhibitory neurons sculpt retinocollicular 564 
signaling. Our inhibitory population is made up of 30% of the recorded SC neurons and connected 565 
pairs. These observations are in line with previous findings showing that in the upper SC layers, a 566 
substantial part of neurons (30%) are GABAergic (Ranney Mize, 1992; Whyland et al., 2020) and 567 
that around one third of the postsynaptic targets of retinocollicular terminals are GABAergic (Boka 568 
et al., 2006; Whyland et al., 2020). Yet, in spite of this high density of GABAergic neurons in the SC, 569 
they comprise of a high diversity of subpopulations that have been shown to be involved in distinct 570 
visual processing (Barchini et al., 2018; Kasai and Isa, 2016) and visually guided behaviors for 571 
example prey capture (Hoy et al., 2019) or saccadic suppression (Phongphanphanee et al., 2011). 572 
An understanding of the connectivity and encoding principles of these diverse subpopulations 573 
provides the foundation for a deeper understanding of how inhibition shapes functional circuits and 574 
their underlying behavior. 575 
 576 
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In the last decade, the diversity of SC cell types has been mainly characterized based on morphology 577 
and response properties (Franceschi and Solomon, 2018; Ito et al., 2017). Advanced techniques 578 
have started to shed light on this diversity by providing cell-type characterizations on the molecular 579 
level (Barchini et al., 2018; Gale and Murphy, 2018, 2014; Li and Meister, 2022; Villalobos et al., 580 
2018). Three categories of potential GABAergic interneurons have been classified in the SC by the 581 
use of Cre-lines (Whyland et al., 2020) that can be further subdivided into intrinsic interneurons and 582 
potential projection neurons. RNA-sequencing has become an approach to characterize defined 583 
subtypes of neuronal populations. A recent study by Tsai et al. (2022) has mapped retinocollicular 584 
connectivity by targeting specific RGC-SC circuits using a novel approach (Trans-Seq) to classify 585 
subsets of SC cell-types that are innervated by genetically defined RGC types (Tsai et al., 2022). 586 
They identified five inhibitory clusters of retinorecipient SC cells that allow to specifically map 587 
retinocollicular connectivity. In addition, 12 distinct inhibitory subtypes have been recently identified 588 
using single-nucleus RNA sequencing where Pax7 was shown to be exclusively expressed in 589 
inhibitory neurons (Ayupe et al., 2023). Thus, we are at an enthralling stage where information on 590 
SC cell-types finally becomes available based on gene expression patterns, alike to the cortical 591 
circuit (Tremblay et al., 2016). However, while these novel techniques shed light on the diversity of 592 
inhibitory subpopulations and allow to map cell-type specific connectivity, these methods cannot 593 
provide insights into the strength of the RGC-SC connections. Hence, a key step forward would be 594 
to leverage the tracing and transcriptomics studies and combine these methods with our high-density 595 
recording approach to enable a finer characterization of the collicular interneuron diversity and the 596 
complexity of their connectivity patterns in vivo. 597 
 598 
Taken together, our study targeted a heterogeneous population of GABAergic neurons in VGAT-599 
ChR2 mice and our results reveal that excitatory and inhibitory neurons in the two main brain areas 600 
for visual processing, the visual cortex and the superior colliculus, integrate sensory afferent inputs 601 
in different ways. 602 
 603 
 604 
 605 
 606 
 607 
 608 
 609 
 610 
 611 
 612 
 613 
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 627 
MATERIALS AND METHODS 628 
Experimental Design 629 
Animals  630 
All experiments were carried out in accordance with the guidelines given by Landesamt für 631 
Gesundheit und Soziales (LAGeSo - G 0142/18) Berlin and were approved by the authority.  Adult 632 
VGAT-ChR2 (Slc32a1-COP4∗H134R/EYFP, The Jackson Laboratory,  stock no. 014548, n= 9) 633 

transgenic mice of either sex were used to activate inhibitory neurons (Zhao et al., 2011). Mice were 634 
aged 7-9 months old on the day of recordings.   635 
 636 
Surgical procedures 637 
All experiments were conducted in VGAT-ChR2 mice of both sexes. Mice were induced with 2.0-638 
2.5% isoflurane (CP-Pharma) in an induction chamber and transferred to the surgery. Once 639 
anesthetized, the surgery was performed in a stereotactic frame (Narishige) with a closed-loop 640 
temperature controller (FHC DC) for monitoring the animal’s body temperature and maintaining it at 641 
37°C. The isoflurane level was gradually lowered during surgery and maintained at 0.8-1.5% while 642 
ensuring a complete absence of vibrissa twitching or responses to tactile stimulation. During surgery, 643 
the eyes were protected with eye ointment (Vidisic, Bausch+Lomb). Mice were head-fixed in the 644 
frame, and the skull was exposed. The head was aligned along the anterior-posterior axis and marks 645 
were made for the craniotomy at 600-1500 μm ML and 0-1500 μm AP from Lambda (Paxinos and 646 
Franklin, Nixdorf 2007 stereotactic atlas) using a micromanipulator (Luigs and Neumann). For 647 
optotagging experiments, an additional mark for the optic fiber placement was made at 3500 μm AP, 648 
500-1200 μm ML to Bregma. A headpost was placed on the skull and implanted with dental cement 649 
(Paladur). Dental cement was also used to build a recording chamber to provide a bath for grounding. 650 
During this step, a silver wire (AG-10W, Science Products) was attached to the dental cement 651 
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chamber for grounding. It is important to keep the dental cement chamber low enough on the anterior 652 
and posterior sides to allow for the shallow angle probe and fiber implantations, see Sibille et al 653 
(2022) for a detailed description of the method (Sibille et al., 2022b). Craniotomies were made at the 654 
marked positions using a dental drill (Johnson-Promident). To allow for the probe insertion at a 655 
horizontal angle between 15° and 20°, a small part of the skull at the posterior part of the craniotomy 656 
was slightly thinned using the drill to ensure a smooth insertion (Sibille et al., 2022b). 657 
 658 

Anesthetized extracellular recordings and optogenetic stimulation 659 
Electrophysiological recordings in SC were performed in 9 anesthetized mice of both sexes (4 660 
female, 5 male) using Neuropixels 1.0 probes (Jun et al., 2017). Data were acquired at a sampling 661 
rate of 30 kHz using the Open Ephys acquisition software and GUI (Siegle et al., 2017) (www.open-662 
ephys.org) and the PXIe hardware acquisition system (National Instrument NI-PXIe-1071). The 663 
signal was amplified and stored in both the local field potential band (LFP, high pass-filtered 0-300 664 
Hz) and the action potential band (AP, 300 Hz to 3 kHz). The tangential recordings along the anterior-665 
posterior axis in SC were performed as described in Sibille et al. (2022) (Sibille et al., 2022a). The 666 
fiber for optogenetic stimulation was inserted in the SC prior to the Neuropixels probe implantation 667 
to decrease mechanical pressure and reduce drift of the electrode probe. The angled optogenetic 668 
fiber was zeroed at the brain surface and inserted from the anterior in a 60-70° angle towards the 669 
AP axis (see Fig. 1A) and slowly lowered using a manual micromanipulator until reaching an insertion 670 
of 150-200 μm. Following the fiber implantation, the Neuropixels probe was inserted tangentially in 671 
a 15 to 20° angle in the superior colliculus (SC) using a micromanipulator (NewScale). The probe 672 
was zeroed at Lambda and inserted 500-1200 μm ML and 2800-3800 µm DV. After the Neuropixels 673 
probe was implanted, the optic fiber was lowered further slowly (to a maximum insertion depth of 674 
~250 µm) and LED pulses were applied to test for optogenetic activation of cells. After correct 675 
placement, the probe and fiber were allowed to settle for 15-20 minutes before data acquisition was 676 
started. In addition, confirmation of probe placement within the SC was done via receptive field (RF) 677 
mapping to check the number of channels with RFs. RFs were estimated from the multi-unit activity 678 
(MUA) using spike-triggered average (STA) (Sibille et al., 2022b)) (Fig. 1C). 679 
 680 
Optotagging to identify GABAergic neurons in VGAT-ChR2 mice 681 
We identified (“optotagged”) populations of single GABAergic SC neurons via Channelrhodopsin-2 682 
(ChR2) activation in VGAT-ChR2 mice. The optic fiber was calibrated prior to each experiment to 683 
ensure a stable light output (2.5mW) measured at the fiber tip. Before the electrode probe insertion 684 
(see above), the optic fiber (NA .66, 200 μm core diameter, with a bare fiber tip, PlexBright, Plexon) 685 
coupled to a blue (470 nm) LED module (PlexBright, Plexon) was inserted using a 60-70° angle tilted 686 
towards the AP axis (Fig. 1A). Blue light pulses were used to evoke spiking activity in VGAT-687 
expressing neurons and to verify the proper alignment of the optic fiber and the Neuropixels probe. 688 
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If no optogenetically evoked neuronal activity was observed, either the fiber was lowered to a 689 
maximum of 250 μm or the probe position was re-adjusted to ensure both the activation and 690 
recording of GABAergic SC neurons. Once the Neuropixels electrode probe and optic fiber were 691 
properly aligned, optogentic stimulation using either a square wave or Gaussian function stimulus 692 
pulse was applied to identify light-activated channels (Fig. 1A, B). As the stimulation using a square 693 
wave pulse led to the induction of light artefacts in the spiking response (Jun et al., 2017), we 694 
manually removed these artefacts in a post-processing step by interpolating the raw values in each 695 
channel during the onset and offset of the square pulse in 2 out of 11 experiments. In order to 696 
decrease light artefacts induced by the sharp light onset in the square wave pulse, we changed the 697 
pulse to using a Gaussian function stimulus pulse to gradually increase light intensity in the 698 
remaining 8 experiments. The light pulses were applied during spontaneous conditions (presentation 699 
of a black background, 100 ms pulse duration, 2 Hz, 200 trials, 2.7- 3.5 mW measured at the fiber 700 
tip) and conditions with visually evoked activity (checkerboard stimulus, 1000 ms pulse duration, 30 701 
trials ON, 30 trials OFF, 2.7- 3.5 mW measured at the fiber tip, n = 10/11 experiments). Both 702 
stimulation protocols were shown twice within the recording to ensure stable responses throughout 703 
the recording session. GABAergic neurons were identified by their increased short-latency 704 
responses to blue light stimulation pulses. When we compared the visually evoked responses to 705 
those induced by ChR2 activation we found that they varied in their temporal activation profile (Fig. 706 
1B, C). The response to the visual sparse noise stimulus starts ~80ms after the stimulus onset (Fig. 707 
1C) while responses induced by ChR2 activation had a shorter latency following light onset (Fig. 708 
1C). 709 
 710 
Visual stimulation 711 
Visual stimuli were generated in Python using the PsychoPy2 toolbox (Peirce et al., 2019). The visual 712 
stimuli were displayed on a calibrated screen (Dell, refresh rate = 120 Hz, mean luminance = 120 713 
cd/m²). For receptive field mapping, we presented the sparse noise visual stimulus on a grid of 24x 714 
14 squares. The sparse noise targets were either dark (on light background) or light (on dark 715 
background) and 10 deg in size with [n_targets per frame, n_trials per position] = [2,20] and 716 
presented for 100 ms. A set of standardized different visual stimuli was presented including a natural 717 
movie (30 trials, randomized with other stimuli, 10s) taken from Froudarakis et al. (2014) 718 
(Froudarakis et al., 2014) and a full-field chirp stimulus (Baden et al., 2016). The frametimes of the 719 
visual stimuli were marked by stimulus-locked synchronizing events (TTLs).   720 
 721 
Histology 722 
For histological reconstruction of the electrode track, the probe was removed, coated with 723 
fluorescent dye (DiI, Abcam-ab145311) and re-inserted in the same location. In a few experiments 724 
we performed multiple recordings and only stained the last insertion. Subsequently, the animal was 725 
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terminated with an excess of isoflurane (> 4%). Cardiac perfusion was performed with phosphate 726 
buffer saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS. Brains were post-fixed 727 
overnight in 4% PFA, and stored in PBS until slicing (100 μm) on a vibratome (Leica VT1000S). The 728 
brain slices were mounted using a mounting medium containing DAPI (DAPI-Flouromount-G, Biozol 729 
Cat. 0100-20). Slices were imaged on a fluorescence microscope using a 2.5 x objective for post 730 
hoc visualization of the electrode probe track.  731 
 732 
Data analysis and statistical analyses 733 
Data analysis was performed in Python 3 .0 (www.anaconda.com) using custom-written scripts. 734 
MATLAB 2019b (www.mathworks.com) was used for spike sorting, see below. Statistical tests were 735 
performed using the two-sided Wilcoxon rank-sum test for unpaired samples and the Wilcoxon 736 
signed-rank test (two-sided) for paired samples using the scipy.stats module in Python, unless stated 737 
otherwise. For correlation analyses we used Pearson correlation implemented via the linregress 738 
function. Population results are indicated as mean ±  standard deviation if not stated otherwise. The 739 
number of neurons and animals used in each analysis is reported in the Results section or figure 740 
legends.  741 
 742 

Multi-unit activity extraction 743 
For MUA analysis, common average referencing was applied to the bandpass filtered AP data 744 
(Butterworth filter order 2, 0.3 to 3 kHz), where each event is extracted using custom-written Python 745 
scripts. Spike detection was performed for each channel independently at a threshold of 4 standard 746 
deviations in the AP band (double side detection). The scripts for performing the MUA analysis are 747 
available on the GitHub repository (https://github.com/KremkowLab/tangential_recording) 748 
 749 
Offline Spike sorting and criteria for unit classification  750 
KiloSort2 and 3 (Pachitariu et al., 2016) (https://github.com/MouseLand/Kilosort) were used for 751 
automatic detection and clustering of spikes followed by manual curation using phy2 (Rossant et al., 752 
2016) (https://github.com/cortex-lab/phy). Double-counted spikes were removed for each cluster 753 
(within ± 0.16 ms) (Siegle et al., 2021). Furthermore, clusters with between-unit overlapping spikes 754 
that show above chance zero-lag peaks in the cross-correlograms (CCG, peak windows ± 0.5 ms) 755 
were re-evaluated individually in phy to be either refined or removed. Inter-spike-interval (ISI) 756 
violations were calculated as the ratio of the spikes within the refractory period (± 1.5 ms) to the total 757 
number of spikes. Units with ISI > 0.05% were removed. We also checked for stable firing of clusters 758 
throughout the recording. Furthermore, we excluded units from further analysis that were lying 759 
outside the optogenetic stimulation range (see below, Identification of Inhibitory neurons, see Fig. 760 
1B) and outside the SC borders (from STA RFs on MUA, see Fig. 1C).  761 
 762 
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 763 
Waveform classification to identify RGC axons and SC neurons 764 
A waveform classification approach was applied to distinguish action potentials (APs) from retinal 765 
ganglion cell (RGC) axons and somatic APs from SC neurons (Sibille et al., 2022a). In brief, we 766 
calculated the multi-channel waveform (MCW) which reflects the spatiotemporal profile of the AP 767 
signals. Afferent axons and somatic signals could be classified based on their distinct waveform 768 
which allowed us to classify clusters into afferent axon AP vs somatic AP. In essence, due to the SC 769 
electrode probe implantation along the anterior-posterior (AP) axis, the electrode captures signals 770 
from retinal axons that innervate the SC along the electrode channels. This propagation of RGC 771 
axonal action potentials along the axonal path is visible in the spatiotemporal profile of their multi-772 
channel waveforms (Fig. 1D, left).    773 
 774 
Waveform classification approach to separate GABAergic and non-GABAergic SC neurons 775 
We performed standard waveform analyses to attempt to separate GABAergic SC neurons based 776 
on waveform features (Jia et al., 2019; Quirk et al., 2009) (Supplementary Fig. 1). Briefly, we 777 
detected the negative (trough) and positive peak (peak) from single-channel waveforms and 778 
calculated their peak-to-trough duration. The amplitude was defined as the absolute difference 779 
between trough and peak. The peak-to-trough ratio was defined as the ratio between amplitudes of 780 
peak and trough.  781 
 782 
Post hoc separation of GABAergic and non-GABAergic SC neurons  783 
To study retinal input integration in a cell-type specific manner, we used a method to separate the 784 
neural responses of GABAergic neurons from that of excitatory neurons in the SC. First, we identified 785 
the minimum and maximum recording sites on the probe that were photo-activated. These borders 786 
were defined via the minimum and maximum peak channel of light-induced units that are activated 787 
on the probe. SC neurons that did not fall inside this optogenetic stimulation range (identified by their 788 
peak channel) were excluded from further analysis. SC neurons were separated based on their 789 
short-latency increase in responses to blue light pulses during two different protocols: (1) baseline 790 
activity (black background, 100 ms pulse duration, 2 Hz pulse frequency) and (2) during a 791 
checkerboard stimulus (1000 ms pulse duration, 30 trials LED ON, 30 trials LED OFF). This 792 
classification was done using a custom-written graphical-user-interface (GUI) approach where units 793 
were labeled as either “light-responsive”, “non light-responsive”. The labeling step was conducted 794 
by three independent observers. A unit was included if 2 out of 3 observers chose the same label. 795 
Units with unstable firing throughout the recording period were excluded from further analysis.  796 
 797 
 798 
 799 
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Identification of synaptically connected RGC-SC pairs 800 
Monosynaptic connections between RGC axons and SC neurons were detected using established 801 
methods (Bereshpolova et al., 2020; Clay Reid and Alonso, 1995; Denman and Contreras, 2015; 802 
Usrey et al., 1998) based on statistically significant peaks at synaptic delays. Briefly, we calculated 803 
a jittered (timescale jitter 5 ms) version of each spike train by randomizing all spike times within a 804 
consecutive 10-15 ms window (Smith and Kohn, 2008). We then calculated the cross-correlation 805 
between a pair of neurons both for the original (raw CCG) and the jittered spike train (jittered CCG). 806 
Subtracting the jittered CCG from the raw CCG results in a jitter-corrected version of the CCG which 807 
was used for monosynaptic pairs detection. Connected pairs were identified using cross-correlation 808 
analysis and significant peaks (peak detection window from + 0.5 to 3.5 ms) had to extend over the 809 
threshold (baseline + 4x standard deviation) for at least 5 consecutive time bins (0.1 ms resolution) 810 
(as described previously, in Sibille et al. (2022) (Sibille et al., 2022a). The cross-correlations were 811 
calculated using the Python pycorrelate package (https://github.com/tritemio/pycorrelate). Please 812 
note that for CCG analysis, spike trains were correlated over the full recording duration, except for 813 
periods with optogenetic stimulation. Latencies to peak response were calculated from the CCGs as 814 
the maximum time within the response window. 815 
 816 
Analysis of retinocollicular connection strength  817 
Synaptic efficacy and contribution measures of connected RGC-SC pairs were estimated from 818 
spiketrains during the entire recording session (except for optotagging periods which were excluded) 819 
using standard approaches (Bereshpolova et al., 2020; Clay Reid and Alonso, 1995; Swadlow and 820 
Gusev, 2002; Usrey et al., 1998). Briefly, efficacy was estimated from the baseline-corrected CCGs 821 
by dividing the area of the CCG peak (baseline window: > -1 to < 0.4 ms, peak window: >0.4 to <3.5 822 
ms) by the total number of presynaptic spikes. Thus, an efficacy measure of 1 (100%) would reflect 823 
that for each presynaptic retinal spike, a postsynaptic spike could be detected. To estimate the 824 
connection contribution, we counted the number of SC spikes that were preceded by a retinal 825 
afferent spike, integrated over a time window between -3 to 0.5 ms, and divided this number by the 826 
total number of SC spikes. A contribution of 1 (100%) indicates that all spikes of an SC neuron are 827 
preceded by retinal afferent spikes.  828 
 829 
Paired-spike dynamics analysis 830 
For estimation of paired-spike dynamics, baseline-corrected CCGs were re-calculated triggered on 831 
1st and 2nd RGCs using the same baseline and peak windows as mentioned above. We identified 832 
pairs of retinal spikes (1st and 2nd RGC) for each RGC-SC connected pair (Usrey et al., 1998). Briefly, 833 
a pair of retinal spikes was defined by a specific inter-spike interval (ISI) where the second RGC 834 
spike followed the 1st RGC by a ISI of 5 to 30 ms. The second criterion for classifying a pair of retinal 835 
spikes was a certain dead time where the 1st retinal spike was preceded by a minimum period of 836 
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silence (dead time: 30ms). The dead time criterion was applied to ensure a comparable level of 837 
activity immediately preceding all first spikes. The preceding window (> -1 to < 0.4 ms) was used as 838 
a baseline window. Paired-spike enhancement was calculated as the ratio of efficacy for the 2nd RGC 839 
to the efficacy for the 1st RGC.  840 
 841 
Functional similarity analysis of retinocollicular connected pairs 842 
To characterize the functional similarity between connected RGCs and the target neurons in the SC, 843 
we estimated the functional similarity index. To do so, we calculated the correlation coefficients from 844 
responses during the light and dark sparse noise (rSL and rSD) as well as during the natural movie 845 
stimulus (rNM). The correlation of activity during sparse noise stimuli (rSL and rSD) was estimated from 846 
the spatiotemporal receptive fields (STRFs) which were calculated from the STA. The similarity 847 
during the natural movie stimulus (rNM) was calculated from natural movie PSTHs. We limited this 848 
analysis step to neurons with high signal-to-noise ratio (SNR) in the visually evoked activity (SNR > 849 
8 for the STRFs). The overall similarity index was then calculated from the averaged correlation 850 
coefficients: functional similarity index = (rSD + rSL + rNM)/3.  851 
 852 

Data availability 853 
The datasets that support the findings of this study are available from the corresponding author on 854 
request. 855 
 856 
Code availability 857 
Custom Python code is available from the corresponding author on request. 858 
 859 
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