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Abstract  48 

Electrical stimulation and lesion experiments in 1980’s suggested that the crossed descending 49 

pathway from the deeper layers (SCd) of superior colliculus (SC) controls orienting responses, 50 

while the uncrossed pathway mediates defense-like behavior. To overcome the limitation of 51 

these classical studies and explicitly dissect the structure and function of these two pathways, 52 

we performed selective optogenetic activation of each pathway in male mice with 53 

channelrhodopsin 2 expression by Cre driver using double viral vector techniques. Brief 54 

photo-stimulation of the crossed pathway evoked short latency contraversive orienting-like 55 

head turns, while extended stimulation induced body turn responses. In contrast, stimulation 56 

of the uncrossed pathway induced short-latency upward head movements followed by longer-57 

latency defense-like behaviors including retreat and flight. The novel discovery was that 58 

while the evoked orienting responses were stereotyped, the defense-like responses varied 59 

considerably depending on the environment, suggesting that uncrossed output can be 60 

influenced by top-down modification of the SC or its target areas. This further suggests that 61 

the connection of the SCd-defense system with non-motor, affective and cognitive structures. 62 

Tracing the whole axonal trajectories of these two pathways revealed existence of both 63 

ascending and descending branches targeting different areas in the thalamus, midbrain, pons, 64 

medulla and/or spinal cord, including projections which could not be detected in the classical 65 

studies; the crossed pathway has some ipsilaterally descending collaterals and the uncrossed 66 

pathway has some contralaterally descending collaterals. Some of the connections might 67 

explain the context-dependent modulation of the defense-like responses. Thus, the classical 68 

views on the tectal output systems are updated.  69 

 70 

 71 
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Significance Statement  72 

The superior colliculus, a conserved structure in the vertebrate brain, controls innate 73 

behaviors including orienting and defense responses through multiple output channels. Here 74 

we used a double viral vector technique in mice to enable selective optogenetic activation of 75 

the classical crossed and uncrossed output pathway from the deeper collicular layers. 76 

Extended optical stimulation of the crossed pathway induced contraversive head/body turns, 77 

while stimulation of the uncrossed pathway elicited defense-like behaviors, including retreat 78 

and flight. The latter responses could vary considerably depending on the environment in 79 

which the animals were tested. The two pathways possess different patterns of bilateral 80 

axonal trajectories. These results present an updated view on the structure and function of the 81 

orienting and defense pathways from the SC.  82 

 83 

Introduction  84 

The midbrain superior colliculus (SC) is an evolutionary ancient brainstem center 85 

controlling the initial, rapid, sensory-driven appetitive or defensive movements that are 86 

essential for survival in the natural environment (Dean et al., 1989). Its superficial layers 87 

(SCs) receive glutamatergic visual inputs directly from the retina (Isa et al., 1998) or 88 

indirectly from the visual cortex. Efferent projections from the SCs are directed to the visual 89 

thalamus, nucleus parabigeminalis, or to deeper layers of the SC (SCd) (Lane et al., 1974; 90 

Sherk, 1979; Bennett-Clarke et al., 1989; Isa et al., 1998; Lee et al., 1997; Doubell et al., 91 

2003; Gale and Murphy 2014). The SCd receives non-visual sensory inputs and also motor or 92 

attention-related signals from forebrain regions (May 2006). The SCd neurons integrate 93 

information from these multiple sources and send motor commands to the brainstem and 94 

spinal cord (Sparks and Hartwich-Young, 1989), biologically salient visual cue signals to the 95 

midbrain dopamine neurons (Comoli et al., 2003; McHaffie et al., 2006; May et al., 2009), 96 



 

5 

fear-related signals to the periaqueductal gray (Evans et al., 2018), and ascending motor 97 

efference copy signals to the thalamus (Sommer and Wurtz, 2006). In terms of behavioral 98 

control, previous studies in rodents suggested there are two major output channels from the 99 

SC to the brainstem (Dean et al., 1989; Sahibzada et al., 1986). One crosses the midline in the 100 

ventral tegmental decussation and projects caudally via the predorsal bundle to the 101 

contralateral medial ponto-medullary reticular formation and upper cervical spinal cord. In 102 

rodents, this pathway mainly originates from the lateral part of the SC that represents the 103 

lower half of contralateral visual field, and controls orienting and approach behavior (Dean et 104 

al., 1986). In carnivores and primates, saccadic eye movements and orienting head 105 

movements are controlled by this system (Sparks and Hartwich-Young, 1989; Isa and Sasaki, 106 

2002; May 2006). Hereafter, we tentatively term these neurons “crossed (orienting) pathway 107 

neurons”. The ipsilateral descending projection originates mainly from neurons in the rostro-108 

medial part of rodent SC, which represents the upper visual field. It projects caudally to the 109 

cuneiform nucleus and ventrolateral ponto-medullary reticular formation (Redgrave et al., 110 

1987, 1988). This pathway is believed to control defense reactions, including freezing and 111 

escape behaviors (Sahibzada et al., 1986). Hereafter, we tentatively term these neurons 112 

“uncrossed (defense) pathway neurons”. Previous studies investigating these descending SC 113 

pathways used electrical stimulation and lesion techniques combined with standard 114 

anatomical tracing and c-fos immunohistochemistry, to verify the location of activated 115 

neurons (Dean et al., 1989; Redgrave et al., 1987; King et al., 1996; Comoli et al. 2003). 116 

However, functional analyses using these traditional, but cellularly nonselective techniques, 117 

runs potential risks of activating or lesioning passing fibers from other projections, coupled 118 

with possible problems of post-lesion neuroplasticity. Furthermore, it has also been difficult 119 

to stimulate either the SCs or SCd neurons separately without affecting the other population.   120 
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 The present study sought to overcome these limitations and investigate in more detail 121 

the cellular identity of orienting and defense systems in the SC, and how they might be 122 

influenced by behavioral context. To this end, we tested selective activation of the individual 123 

SC output pathway neurons by a combination of two viral vectors. One is the highly efficient 124 

retrograde gene transfer vector (Kato et al., 2011) carrying Cre, while the other is the adeno-125 

associated viral (AAV) vector carrying channelrhodopsin 2 (ChR2) downstream of a double 126 

flox sequence. This combination enabled a pathway-specific expression of ChR2. These 127 

procedures allowed us to activate each of the two SC-brainstem output channels 128 

independently. Furthermore, this double viral vector technique can reveal the morphology of 129 

the manipulated neurons, including cell bodies and axonal arborization, as shown in previous 130 

studies using similar constructs (Kinoshita et al., 2012; Sooksawate et al., 2013; Wahl et al., 131 

2014; Ishida et al., 2016; Asboth et al., 2018). The present investigation has revealed novel 132 

aspects of the two SC output systems; presence or absence of context-dependency of the 133 

induced behavior, and clear pictures of their whole axonal trajectory which indicated that 134 

some collateral branches were missed in the previous studies.  135 

 136 

Materials and Methods 137 

Animals 138 

Forty-eight 6 - 10 week-old male C57BL/6 mice were used in this study. Condition of 139 

animal housing is the group housing until the optic fiber implantation. After the fiber 140 

implantation we chose individual housing in the transparent cage with enrichment and 141 

monitored the body weight. The Zeitgeber time is 12 hours light : 12 hours dark cycle. The 142 

experimental protocol for the use of animals was conducted following the Guidelines of the 143 

National Institutes of Health and the Ministry of Education, Culture, Sports, Science and 144 

Technology (MEXT) of Japan, and was approved by the Institutional Animal Care and Use 145 
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Committee of the National Institutes of Natural Sciences and Kyoto University. We made all 146 

attempts to minimize the stress, distress and number of animals used.   147 

Plasmid construction 148 

The plasmid for NeuRet-MSCV-Cre vectors was obtained from a DNA fragment 149 

encoding the Cre recombinase gene (Kobayashi et al., 2004) and the murine stem cell virus 150 

promoter of pCL20c-MSCV (Hanawa et al., 2002; 2004).  The pAAV-CAG-hChR2(H134R)-151 

tdTomato and pAAV-EF1α-DIO-hChR2(E123T/T159C)-EYFP were provided from Drs. K. 152 

Svoboda and K. Deisseroth, respectively. The plasmid constructions are shown in Figure 1A. 153 

Viral vector preparation 154 

NeuRet vectors were produced by the transfection of packaging plasmids 155 

(pCAGkGP4.1R and pCAG4-RTR2), envelope plasmid (pCAGGS-FuG-E), and transfer 156 

plasmid (pCL20-MSCV-Cre) into HEK293T cells. Cultured medium was collected and 157 

filtrated through a 0.45-μm Millex-HV filter unit (Millipore, Billerica, MA). Viral vector 158 

particles were pelleted by centrifugation and suspended in phosphate-buffered saline (PBS). 159 

Suspended vector particles were purified by an ion-exchange column chromatography using 160 

Sepharose Q FF ion-exchange column (GE Healthcare, Buckinghamshire, UK) and AKTA 161 

prime plus chromatography apparatus (GE Healthcare, Buckinghamshire, UK). Collected 162 

fractions containing the vector particles were concentrated by ultrafiltration using a Vivaspin 163 

10K MWCO filter (Vivascience, Lincoln, UK). The copy number of RNA genome was 164 

estimated by a Lenti-X qRT-PCR titration kit (Clontech, Palo Alto, CA).  Real-time 165 

quantitative PCR was performed in duplicate samples using the StepOne real-time PCR 166 

system (Applied Biosystems, Tokyo, Japan). AAV vectors were produced using the AAV 167 

Helper Free Expression System (Cell Biolabs, Inc., San Diego, CA). The packaging plasmids 168 

(pAAV-DJ and pHelper) and transfer plasmid (pAAV-EF1a-double floxed-hChR2(H134R)-169 
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EYFP-WPRE-HGHpA) were transfected into HEK293T cells. Harvested cells were lysed by 170 

repeated freezing and thawing, and a crude cell extract containing AAV vector particles were 171 

purified by ultracentrifugation with cesium chloride. After dialysis with PBS, vector particles 172 

were concentrated by ultrafiltration using an Amicon 10K MWCO filter (Merck Millipore, 173 

Darmstadt, Germany). The copy number of viral genome (vg) was determined by the 174 

TaqMan Universal Master Mix II (Applied Biosystems, Foster City, CA). 175 

Viral vector injection 176 

The entire time course of the experiments is shown in Figure 1B. We anesthetized the 177 

mice with an intraperitoneal injection of a mixture of ketamine (60 mg/kg body weight) and 178 

xylazine (10 mg/kg body weight). In addition, dexamethasone (5.5 mg/kg body weight) was 179 

injected intramuscularly as premedication. The head of the mouse was fixed to the stereotaxic 180 

apparatus (Narishige, Tokyo, Japan) and injections of the vectors were made from the dorsal 181 

approach.  For the crossed (orienting) pathway neurons, NeuRet-MSCV-Cre (0.4-0.5 μl; titer, 182 

1.1-30 ×  1011  copies/ml) was injected into the medial ponto-medullary reticular formation 183 

(PMRF) on the left side using a thin glass micropipette (tip diameter, 50–70 μm) inclined 45° 184 

tip up in the sagittal plane (Franklin and Paxinos, 2008), -8.3 mm from the Bregma, 0.7 mm 185 

lateral to the midline, and at 3.6 and 4.4 mm from the presumed dorsal surface of the 186 

cerebellar cortex (0.4–0.6 μL/point of injection). Injection site of NeuRet-MSCV-Cre is 187 

indicated in the lower insets of the left panel of Figure 1C (left) by a mock injection of 188 

Fluoro-Ruby (0.4 μL of 5 % solution in 0.05 M PBS) and by an orange asterisk in Figure 189 

3A5. Seven to seventeen days after the NeuRet-MSCV-Cre injection, AAV-EF1α-DIO-190 

hChR2(E123T/T159C)-EYFP (0.15-0.5 μl; titer, 4.5 × 1010 vg/μl) was injected into the SC 191 

on the right side (Fig. 1C (left) and a blue asterisk in Fig. 3A3). A small hole was made in the 192 

skull over the occipital cortex and a thin glass micropipette (tip diameter; 50–70 μm) was 193 

inserted vertically into the right SC, -4.0 to -4.2 mm from the Bregma, 1.1–1.2 mm lateral to 194 
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the midline, and at 1.1–1.6 and 1.4–2.3 mm from the presumed dorsal surface of the cerebral 195 

cortex (0.4–0.5 μL/point of injection). We used a syringe pump (ESP-32; Eicom, Kyoto, 196 

Japan, Legato 130; Muromachi Kikai Co., Tokyo, Japan) for the injection; the injection rate 197 

was 0.1 μL/min. Before removing the glass micropipette from the injection site, we waited 198 

for 5 min.  For the uncrossed (defense) pathway neurons, NeuRet-MSCV-Cre (0.4-0.5 μl; 199 

titer, 1.1-30 ×  1011  copies/ml) was injected into the right midbrain reticular formation around 200 

the cuneiform nucleus (CnF) using a thin glass micropipette inclined 45° tip up in the sagittal 201 

plane and aimed at -8.2-8.7 mm from Bregma, 1.2 mm lateral to the midline. The injection 202 

site is indicated in the lower inset of the right panel of Figure 1C (right) and by an orange 203 

asterisk in Figure 4A5. Injection of AAV-EF1α-DIO-hChR2(E123T/T159C)-EYFP into the 204 

right SC was performed in the same way as the “crossed” SC-brainstem pathway group (Fig. 205 

1C (right) and a blue asterisk in Fig. 4A4). For the control experiments, AAV-EF1α-DIO-206 

EYFP, which lacks ChR2 was injected into the right SC to express only EYFP either in the 207 

crossed (orienting) or uncrossed (defense) pathway neurons. 208 

We also prepared animals for optogenetic activation of the SC that was not selective 209 

for the crossed and ipsilateral pathways. For this non-selective activation of the SC, we 210 

injected AAV-CAG-hChR2(H134R)-tdTomato (1.9 x109 vg/μl) into the right SC using the 211 

approach described above. We aimed to transfect all the cells in the SC, and then using the 212 

optogenetic activation of specific regions of the SC to investigate regional effects. 213 

Optic fiber implantation 214 

Four to seven weeks after the viral injection(s), mice were anesthetized as mentioned 215 

above.  Then, the 250-μm or 500-μm diameter plastic optical fiber (Lucir Inc., Tsukuba, 216 

Japan) was implanted through the cortex just above the SC surface using stereotaxic 217 

procedures. For the selective activation of output neurons of the SC, a 500-μm diameter 218 

optical fiber was implanted through the cortex just above the SC surface with the coordinate 219 
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of -3.8 mm from Bregma, 1.2 mm right of the midline and 0.8-1.0 mm from the surface of the 220 

cerebral cortex. For activation of SC neurons in the non-selective paradigm, we divided the 221 

mice into 3 groups, caudo-lateral, rostro-medial, and central SC. A 500-μm optical fiber was 222 

implanted in the “central SC” group and a 250-μm optical fiber was implanted into “caudo-223 

lateral” and “rostro-medial” groups.  The stereotaxic coordinates for the caudo-lateral SC was 224 

-4.0 mm from Bregma, 1.6 mm right of the midline and 0.8-1.0 mm from the surface of the 225 

cerebral cortex, that of the rostro-medial SC was -3.4 mm from Bregma, 0.8 mm right of the 226 

midline and 0.8-1.0 mm from the surface of the cerebral cortex. For the central SC activation, 227 

the fiber was located at the same coordinates as of the selective pathway activation described 228 

above. Because nearly the half of the SC is exposed outside the overlying cortex, the fiber 229 

track was just at the edge of the cortical tissue and the tip was above the surface of SC. 230 

Therefore, it was not possible for us to show the fiber track histologically. 231 

Behavioral effects of laser stimulation 232 

Two to seven days later, when the mice recovered from optical fiber implantation, the 233 

behavioral effects of the optical stimulation of the SC were investigated. To study the 234 

context-dependency of the stimulus effects, the mice were placed either in a closed box (20 235 

cm wide, 25 cm long and 30 cm high) or on an open elevated circular field (open platform, 40 236 

cm diameter and 1 m high from the floor) for testing the effect of blue illumination from a 237 

laser source (LUCIR, Model COME2-OFC-1, Lucir Inc., Tsukuba, Japan). The intensities for 238 

laser stimulation were 20-170 mW/mm2 for 250-μm diameter optical fiber and 36-260 239 

mW/mm2 for the 500-μm diameter optical fiber. We stimulated the SC neurons with a single 240 

pulse of 50, 100 or 200 ms duration, or repetitive stimulation with 50 ms on-50ms off 241 

duration at 10 Hz frequency with either x5, x10 or x20 repetitions. Behavioral data were 242 

analyzed with EthoVision XT 11.5 (Noldus, Netherland). Stimulation with all of these 243 

parameters was repeated 10 times in each animal both in the closed box and on the open 244 
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platform. Their sequences were randomized. Because adaptation of behavioral responses 245 

occurred as the stimulations were repeated, we did not stimulate more than 10 times with the 246 

same stimulation parameters. The numbers of mice used in each group were 6-8. In the 247 

Results section of this article, we showed only the results of single pulse stimulation for 50 248 

ms and 200 ms, and 20 times repetitive stimulation of 50 ms pulses for simplification. The 249 

results of other stimulation parameters fell in between these, and consequently are not shown 250 

to provide a simpler presentation.   251 

For the systematic evaluation of behavioral responses evoked by optical stimulation, 252 

they were classified as either orienting movements including head-only turn and 253 

contraversive body turn responses, or defense-like responses including retreat, flight and 254 

freezing responses (Fig. 2A-D).  Defense-like responses often began with a quick upwardly 255 

directed head-only turn. This was often followed by backward movements (retreat) and/or 256 

fast forward run-away (flight). Note that head-only turns were directed in either ipsiversive or 257 

contraversive directions, or in the upward directions and observed for both crossed 258 

(orienting) and uncrossed (defense) pathway stimulation (especially at weaker stimulus 259 

intensities), and in both cases they were classified as “head-only turn”.   260 

In vivo electrophysiological recordings and EMG recordings 261 

After the behavioral experiments, 3-4 mice of each group were anesthetized with 262 

urethane (1.2-1.5 g/kg i.p.) and the implanted optic fibers were removed. Dexamethasone (5.5 263 

mg/kg) and atropine (0.1 mg/kg) were injected intramuscularly. Their heads were secured in 264 

the stereotaxic apparatus. A small patch of the skull was removed to expose the cortex 265 

overlying the SC. A 250-μm optical fiber was again lowered vertically into the brain with the 266 

same coordinates as the removed optical fiber. A thin tungsten electrode (2 MΩ resistance) 267 

was inclined by 20 degrees and placed at 0.4 mm rostral to the rostral edge of optical fiber at 268 

the surface of the cortex and lowered into the right SC using a motor drive manipulator (DM 269 
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System, Narishige, Japan). To confirm the location of the right SC, light flashes (Flash 270 

stimulator, SLS-3100, Nihon Kohden, Japan) were used to stimulate the left eye and monitor 271 

the light evoked potentials in the right SC. The depth of SCd was identified by observation of 272 

the reversal of visually evoked field potential (Katsuta and Isa, 2003), which was amplified 273 

by microelectrode amplifier (MEZ-8301, Nihon Kohden, Japan). Then, both eyes were 274 

covered by plastic tapes to avoid having the optic fiber light directly activate the retina.  In 275 

this way, the effects of the cellular responses of the dSC cells to laser stimulation could be 276 

directly investigated. Data were digitized by analog-to-digital converter (Digidata 1440A, 277 

Molecular Devices, CA, USA) and acquired using a pClamp system (pClamp 10.2; 278 

Molecular Devices, CA, USA).   279 

To investigate the shortest descending motor pathways to the neck muscles, EMG 280 

responses to the brief SC stimulation were measured. After behavioral testing, the mice were 281 

anesthetized with a ketamine-xylazine combination (60: 10 mg/kg i.p.). Dexamethasone (5.5 282 

mg/kg) was injected intramuscularly. Then, the mouse head was secured in the stereotaxic 283 

apparatus. The EMG electrodes (stainless needles) were inserted into the dorsal neck muscles 284 

on both sides. The EMG responses from these muscles were measured during blue laser 285 

illumination. To clarify the contribution of reticulospinal neurons in the evoked EMG 286 

responses, a GABAA receptor agonist, muscimol (0.1 μl, 0.1-1 mg/ml), was injected into the 287 

injection sites of NeuRet-MSCV-Cre in the left medial ponto-medullary reticular formation 288 

(PMRF) or right CnF using the same stereotaxic coordinates and method as the vector 289 

injections. The injections were intended to cover the wide area of both pontine and medullary 290 

reticular formation. As shown in the schematic diagram in Figure 5A, reticulospinal neurons 291 

mediating the inputs from the SC are known to possess both uncrossed and crossed 292 

connections to neck motoneurons (Isa and Sasaki 2002). The numbers of mice used in each 293 

group were 6-7. 294 
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Immunohistochemical assessments 295 

At the end of the experiments, the mice were deeply anesthetized with an 296 

intraperitoneal injection of sodium pentobarbital (80 mg/kg body weight) and transcardially 297 

perfused with 0.05 M PBS followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 298 

7.4). The brain and spinal cord were cryoprotected and sectioned at a thickness of 40 μm 299 

using a sliding microtome (Retoratome REM-710, Yamato, Asaka, Japan). The expression of 300 

ChR2-YFP in the double infected SC output neurons, including their somata and axons, were 301 

visualized either with direct fluorescence or anti-GFP immunohistochemistry. The latter were 302 

processed with Alexa Fluor 594 for fluorescence or with diaminobenzidine (DAB) as a 303 

chromagen and the DAB material was counterstained with neutral red. For fluorescence, the 304 

slices were dipped into the 0.3% Triton-X in phosphate buffer solution (PBST) containing 305 

5% skimmed milk at room temperature and then incubated with a rabbit anti-GFP antibody 306 

(1:2,000; Life Technologies, Japan) in PBST for 16 h at 4 °C. The sections were washed in 307 

PBST and incubated in Alexa Fluor 594-conjugated anti-rabbit IgG (1:200; Life 308 

Technologies, Japan) in PBST. For the DAB staining, the sections were rinsed and 309 

incubated in the blocking solution of 0.6% H2O2 in Dent’s fixative followed by being rinsed 310 

and incubated in PBST containing 5% skimmed milk and in continued first antibody as 311 

mentioned above. Then they were washed in PBST and incubated in biotinylated goat anti-312 

rabbit IgG (1:200; Vector Laboratories, USA) followed by reaction in A and B solutions of 313 

ABC-Elite (1:200; Vector laboratories, USA). The label was visualized with DAB 314 

(1:10,000; Wako, Japan) containing 1% Nickel ammonium sulfate and 0.0003% H2O2 in 315 

Tris-buffered saline. Images of the labeled neurons and fibers with fluorescence or DAB 316 

were taken using light microscope (BZ-9000, BZ-X710, Keyence, NJ, USA) and the 317 

drawings were made using a light microscope equipped with a drawing tube (BX-51, 318 
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Olympus, Tokyo, Japan). A fluorescent photomicrograph of the SC was taken using 319 

fluorescent microscope (Akioplan 2, Zeiss, Oberkochen, Germany). 320 

Statistical analysis 321 

Data are expressed as mean ± standard error of the mean (SEM).  Significance was 322 

tested by Student’s unpaired t-test or One-way ANOVA and Bonferroni’s Multiple 323 

Comparison Test where applicable, and a p value < 0.05 was considered to be significant. 324 

 325 

Results 326 

Pathway-selective optogenetic activation of superior colliculus (SC) output neurons 327 

For selective activation of the descending pathway from the SC projecting to the 328 

contralateral medial ponto-medullary reticular formation (PMRF), one group of mice was 329 

injected with the retrograde gene transfer vector, NeuRet-MSCV-Cre (Fig. 1A2) into the left 330 

PMRF (lower inset in the left panel of Fig. 1C) and AAV-DJ-EF1α-DIO-331 

hChR2(E123T/T159C)-EYFP (Fig. 1A1) into the right (contralateral) SC (Fig. 1C left).  In 332 

these mice, ChR2 was expressed exclusively in SC neurons projecting to the crossed 333 

(orienting) pathway.  In the second group of mice, the former vector was injected into the 334 

right midbrain reticular formation (MRF) around the cuneiform nucleus (CnF) (lower inset in 335 

the right panel of Fig. 1C) and the second vector was injected into the right (ipsilateral) SC 336 

(Fig. 1C right). In these animals, the expression of ChR2 was restricted to the neurons whose 337 

axons projected to the uncrossed (defense) pathway. As shown in Figure 1C (left), crossed 338 

(orienting) pathway neurons are multipolar medium-large sized neurons, while soma size of 339 

the uncrossed (defense) pathway neurons (Fig. 1C right) tended to be smaller than the crossed 340 

(orienting) pathway neurons. After the behavioral testing, electrophysiological experiments 341 

were conducted under anesthesia (Fig. 1B). Electrophysiological recording from SC neurons 342 
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in both groups showed that when optical stimulation with blue laser (473 nm wavelength) 343 

was applied to the right SC, both the crossed (orienting) and uncrossed (defense) pathway 344 

neurons were robustly activated (Fig. 1D). The latencies of the spiking responses after the 345 

laser onset were 8.01 ± 0.66 ms (n = 23) for the crossed (orienting) pathway neurons and 9.27 346 

± 1.54 ms (n = 13) for the uncrossed (defense) pathway neurons, respectively. Following 347 

repetitive optical stimulation (10 - 20 trains of 50 ms pulses at 10 Hz) both types of SC 348 

neurons were reliably activated. 349 

 To investigate the extent to which behavioral responses were context-dependent, 350 

observations were made either in a small box (25 cm × 20 cm), to which animals had been 351 

habituated for 1 hour prior to testing, or on a large open platform (an elevated circle 40 cm in 352 

diameter). Mice generally feel more secure in the enclosed space, where they can use the 353 

corner of walls for protection from predators, so that these two testing environments provide 354 

different behavioral contexts to the animals. Sequences of presentation of optical stimulation 355 

were randomized among individual animals.  356 

 The left and right panels of Fig. 2E show the behavioral responses induced by the 357 

optical stimulation of the crossed (orienting) pathway neurons with a large optic fiber (500 358 

μm in diameter) located centrally on the surface of the SC in the closed box and on the open 359 

platform, respectively (8 tested animals).  In the closed box, a brief stimulation (single pulses 360 

50 ms) induced contraversive horizontal head-only turns (Fig. 2A, demonstrated in Movie 1) 361 

on average in 94% of the trials in the closed box (Fig. 2E left panel).  Progressively extended 362 

stimulations to 200 ms and 20 trains of 50 ms pulses at 10 Hz significantly increased the 363 

frequency of body turns (Fig. 2B and demonstrated in Movie 2) and reduced the head-only 364 

turns (p < 0.05 or p < 0.001, Bonferroni’s Multiple Comparison Test, Fig. 2E left panel). 365 

With single pulse 200 ms stimulation, 68% of the responses were head-only turns, and body 366 

turn responses were induced in 32% of the trials. When the stimulus duration was increased 367 
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from single 50 ms pulses to 20 trains of 50 ms pulses at 10 Hz, frequency of head-only turns 368 

decreased to 16% and that of body turns increased to 84% in the closed box (Fig. 2E left 369 

panel). All optically evoked movements were elicited at short latency (< 30 ms), almost 370 

always appearing in the first video frame following the laser onset. When the same stimulus 371 

was applied on the open platform, single 50 ms pulses induced head-only turn responses in 372 

78% of the trials (Fig. 2E right panel). With single pulse 200 ms stimulation, 48% of the 373 

responses were head-only turns, and body turn responses were induced in 51% of the trials. 374 

When the stimulus duration was increased from single 50 ms pulses to 20 trains at 10 Hz, 375 

frequency of head-only turns decreased to 6%, and frequency of body turns significantly 376 

increased to 94% (p < 0.001, Bonferroni’s Multiple Comparison Test, Fig. 2E right panel and 377 

demonstrated in Movie 3). No significant difference between the percentages of responses 378 

could be found for both the brief stimulation and the extended stimulation between the two 379 

environments (Bonferroni’s Multiple Comparison Test). Velocities of the circling responses 380 

in the closed box and open platform were not significantly different (p > 0.05, Student’s t-test, 381 

Fig, 2G). Thus, similar contraversive responses were evoked in both testing environments, 382 

and these movements were considered to be context-independent. As a control, we confirmed 383 

that laser stimulation of the SC with red color (635 nm, 163 mW/mm2) did not induce any 384 

behavior change, head turn, body turn or defensive response in 3 mice with ChR2 expression 385 

in the crossed pathway. In addition, we also stimulated the SC in the mice with injection of a 386 

viral vector lacking ChR2 sequence (n = 3) and confirmed that no movement was elicited. 387 

The left and right panels of Fig. 2F show the behavioral responses induced by the 388 

optical stimulation of the uncrossed (defense) pathway neurons with a large optic fiber (500 389 

μm in diameter) located centrally on the surface of the SC in the closed box and on the open 390 

platform, respectively (7 tested animals).  In the closed box, a brief optical stimulation (single 391 

50 ms pulses) induced head-only turns in 44% and retreat responses in 46 % of the trials on 392 
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average (n =7) (Fig. 2F left panel). It should be noted that a small, upward head-only turn 393 

was present in the first video frame of the retreat response trials. With single pulse 200 ms 394 

stimulation, 73% of the responses were flight, and retreat responses were induced in 20% of 395 

the trials. With extended stimulus duration (20 trains of 50 ms pulses at 10 Hz), the frequency 396 

of head-only turn responses became zero, while frequency of retreat decreased to 16% and 397 

flight responses significantly increased to 81% (p < 0.01, Bonferroni’s Multiple Comparison 398 

Test, Fig. 2F left panel). The flight responses were directed mainly forward or sideways, not 399 

purely backwards, and the animals appeared to be hiding in the corner. There was no fixed 400 

trend in direction of initial flight responses. An important novel finding was that the defense-401 

like responses elicited by activation of the uncrossed (defense) pathways were context-402 

dependent, as described below. As demonstrated in the Movie 4 and 5, the same optical 403 

stimulation parameter in the closed box frequently induced flight responses mainly consisting 404 

of moving forward from corner to corner (Movie 4), while on the open platform retreat was 405 

the primary response in the same animal (Movie 5). In the closed box, because the uncrossed 406 

pathway was stimulated only on the right side, the animals tended to move to the right-407 

forward or right-lateral direction irrespective of the distance from the wall. After coming 408 

close to the wall, they turned and ran in parallel to the wall. On the open platform, with the 409 

single 50 ms pulse, oblique-upward head-only turns were induced in 29% of the trials and 410 

retreat was induced in 71 % of the trials (Fig. 2F right panel) (n = 7). The frequency of retreat 411 

responses on the open platform (71%) was higher than in the closed box (46%). The same 412 

tendency could be more clearly observed for the extended stimulus. With single pulse 200 ms 413 

stimulation on the open platform, flight responses appeared in 23% of the trials, while retreat 414 

responses were induced in 69% of the trials. The frequency of retreat responses on the open 415 

platform (69%) was significantly higher than in the closed box (20%; p < 0.01, Bonferroni’s 416 

Multiple Comparison Test; see the horizontal green dotted line across the left and right panels 417 
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of Fig. 2F).  In contrast, the frequency of flight responses on the open platform (23%) was 418 

significantly lower than in the closed box (73%; p < 0.001, Bonferroni’s Multiple 419 

Comparison Test; see the horizontal blue dotted line across the left and right panels of Fig. 420 

2F). On the open platform, with extended stimulus duration (20 trains of 50 ms pulses at 10 421 

Hz), the frequency of head-only turn responses became zero, and the frequency of retreat also 422 

decreased to 39%, and the frequency of flight responses increased to 61%. The velocities of 423 

flight responses in the closed box were significantly faster than those of retreat responses in 424 

the open platform (p < 0.05, Student’s t-test; Fig. 2H). In summary, selective activation of the 425 

uncrossed (defense) pathway was associated with active defense-like movements, such as 426 

retreat or flight responses, and induction of these responses depended on the environment 427 

where the animals were placed (context-dependent). Here we have to point out that passive 428 

freezing responses, another type of defense-like behaviors, were rarely observed (in case of 429 

20 trains of 50 ms pulses, freezing response was observed in only 3% in the closed box and 430 

0% in the open platform, n = 7). This result will be discussed later. As a control, we also 431 

stimulated the SC in the mice with injection of a viral vector lacking ChR2 (n = 3), and 432 

confirmed that no movements were elicited. 433 

Axonal trajectories of neurons consisting the crossed (orienting) and uncrossed 434 

(defense) pathways 435 

After the mice were sacrificed, morphology of the activated cells was visualized with 436 

anti-GFP immunohistochemistry with Alexa 594 (Fig. 3 and Fig. 4). The somata and axonal 437 

arbor of the crossed (orienting) pathway were labeled by an injection into the left PMRF 438 

(approximate location indicated by the asterisk in Fig 3A5). The somata of the cells of origin 439 

of this pathway were concentrated in the most lateral portion of the SCd (Fig. 3B). Some 440 

fibers crossed the midline in the tectal commissure (green arrows in Fig. 3A3) and terminated 441 

in the most lateral portion of the contralateral SCd, the mirrored location of the cells of origin 442 
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(Fig. 3A3, coSCd). A majority of axons of these neurons crossed the midline in the ventral 443 

tegmental decussation (yellow arrows in Fig. 3A3) and turned caudally to join the 444 

contralateral predorsal bundle (PDB; Fig. 3A4,5). The axons continued into the medial PMRF, 445 

where they approached the injection sites of the retrograde vector NeuRet-MSCV-Cre, and 446 

continued to the nucleus reticularis tegmenti pontis (NRTP), PMRF, raphe nuclei (raphe), 447 

inferior olive (IO) and spinal cord (Sp.c.) on the contralateral side (Fig. 3A4-7). On the 448 

ipsilateral side, some labeled axons descended to the ipsilateral pedunculo-pontine nucleus 449 

(PPN) and to the most ventral aspect of ipsilateral PMRF and to the IO (see the white arrows 450 

in Fig. 3A4, and Fig. 3A5,6). In addition, the ascending collaterals could be traced to the 451 

mediodorsal thalamic nucleus lateral part (MDL) and rostral intralaminar thalamic nuclei 452 

such as paracentral thalamic nucleus (PC) and centrolateral thalamic nucleus (CL) on the 453 

ipsilateral side, and central medial thalamic nucleus (CM) on both sides (Fig. 3A1). The 454 

ascending axons also projected to the ipsilateral mesencephalic reticular formation (mRt), 455 

parafascicular thalamic nucleus (PF), ventral mediothalamic nucleus (VM), substantia nigra 456 

pars compacta (SNc), and zona incerta (ZI) (Fig. 3A2,3). The target areas of the crossed 457 

(orienting) pathway neurons are summarized in Figure 3C. Thus, it was turned out that the 458 

classical “crossed” descending pathway has some ipsilaterally descending collaterals. 459 

In contrast, although widely located throughout the rostral-caudal axis of the SCd, the 460 

somata of the neurons consisting the uncrossed (defense) pathway labeled by an injection into 461 

the right midbrain reticular formation around the CnF (approximate location indicated by the 462 

asterisk in Fig 4A5) were located more medially (Fig. 4B) than those of the crossed (defense) 463 

pathway neurons (Fig. 3B). The descending axons projected to the inferior colliculus (IC), 464 

CnF, PPN and PMRF on the ipsilateral side, and bilaterally to the IO (Fig. 4A4-6). At the 465 

level of the SC, the axons projected to the SNc, posterior thalamic nucleus triangular (PoT), 466 

dorsal periaqueductal gray matter (dPAG) and laterally in the mesencephalic reticular 467 
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formation (mRt) (Fig. 4A3). The ascending axons of the uncrossed (defense) neurons could 468 

be traced to the ipsilateral CM, PC, CL, MDL, PF, reuniens thalamic nucleus (Re), lateral 469 

posterior thalamic nucleus (LP), VM, ZI and posterior intralaminar thalamic nucleus (PIL) 470 

(Fig. 4A1-3). The target areas of the uncrossed (defense) pathway neurons are summarized in 471 

Figure 4C. 472 

These results not only confirmed the previously described connectivity patterns of the 473 

crossed and uncrossed descending projection of the SC (Redgrave et al., 1987), but also 474 

revealed some novel projections. For example, the ipsilaterally descending branches of 475 

crossed (orienting) pathway neurons targeting ipsilateral SNc, PPN and ventral part of PMRF 476 

(see the white arrows in Fig. 3A4). They also terminate in the ipsilateral IO (Fig. 3A6). 477 

Moreover, it was turned out that the classical “uncrossed” descending pathway has some 478 

collateral projection to the contralateral IO (Fig. 4A6). 479 

 All these tracing studies revealed more fine structures of the both systems. Hereafter, 480 

we rename the classical “crossed” descending pathway as “tectal orienting pathway” and the 481 

classical “uncrossed” descending pathway as “tectal defense pathway”. 482 

Electromyogram (EMG) responses of dorsal neck muscles following optical stimulation 483 

of the tectal orienting and tectal defense pathways 484 

To further investigate the synaptic connectivity between the tectal orienting and 485 

defense pathways and spinal motoneurons responsible for head turns, we recorded the EMG 486 

responses of dorsal neck muscles evoked by ipsilateral or contralateral stimulation of the SC 487 

in anaesthetized animals (Fig. 5A). When the tectal orienting pathway was activated, the 488 

mean latency of evoked EMG responses in contralateral (left) muscles was 12.85 ± 0.96 ms 489 

(n = 6), and in ipsilateral (right) muscles was 13.01 ± 1.17 ms (n = 6) (Fig. 5B). Considering 490 

the previous observation that spiking activity in tectal orienting pathway neurons was induced 491 

at the latency of 8.01 ± 0.66 ms (n = 23) after the laser onset (Fig. 1D1), the conduction time 492 
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from the SC to the neck muscles must have been in the range of 4-5 ms, on both sides. These 493 

ultra-short latency muscular responses were completely abolished by microinjections of 0.1 494 

μl muscimol (0.1 – 1.0 mg/ml) into the left PMRF (Fig. 5B), the injection sites of NeuRet-495 

MSCV-Cre (asterisk in Fig. 3A5). This result suggests that activation of the dorsal neck 496 

muscles by the SC is mediated primarily by tecto-reticulo-spinal pathways with relay neurons 497 

in the PMRF. They have both uncrossed or crossed connections to neck motoneurons (Isa and 498 

Sasaki, 2002). Following activation of the tectal defense pathway (Fig. 5C), the mean latency 499 

of EMG responses in the contralateral (left) muscles was 13.52 ± 1.04 ms (n = 7), and in the 500 

ipsilateral (right) muscles was 12.41 ± 1.13 ms (n = 7). Considering again that the average 501 

latencies of optically evoked spiking responses of the relevant SCd neurons was 9.27 ± 1.54 502 

ms (n = 13) (Fig. 1D2), the conduction time in the uncrossed descending projection from the 503 

SC to the neck muscles was about 3-4 ms. Again, these short latency EMG responses were 504 

abolished after microinjections of muscimol into the brainstem close to the right CnF (Fig. 505 

5C), the injection site of retrograde vector (asterisk in Fig. 4A4). These results suggest that 506 

the excitatory drive from the SC to the dorsal neck muscles is primarily mediated via the 507 

tectal defense pathway with a critical relay in the brainstem reticular formation around the 508 

CnF. These may include nearby reticulospinal neurons with crossed or uncrossed descending 509 

projections to the neck motoneurons (see the schematic diagram in Fig. 5A; Isa and Sasaki 510 

2002). Taken together, the short latencies of the evoked EMG responses may be explained by 511 

the synaptic connectivity from the SC to neck muscles via both tectal orienting and defense 512 

pathways are di- or oligosynaptic and mediated by the crossed and uncrossed reticulospinal 513 

pathways.  514 

Nonselective optogenetic activation of the SC neurons 515 

 To compare the effects of pathway-selective activation with those of nonselective 516 

activation of the SC, AAV-CAG-Ch2R(H134R)-tdTomato was injected into the SC. As 517 
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shown in Figure 6A, neurons in virtually the whole SC, including both SCs and SCd, 518 

expressed ChR2-tdTomato.Optical stimulation with a blue laser was applied at 3 locations 519 

(Fig. 6B) in SC; (1) a 250 μm diameter fiber was used to stimulate neurons representing the 520 

lower visual field in the caudo-lateral SC, (2) a 250 μm diameter fiber was also used to 521 

activate the rostro-medial aspect of the SC representing the upper visual field, and (3) a larger 522 

500 μm diameter fiber was placed in the central part to activate a wide area of the SC. Under 523 

anesthesia, the neurons in the SCs and SCd located below the optic fiber were reliably 524 

activated by the laser stimulation, in response to both prolonged pulses of laser stimulation 525 

(100 ms duration) and repetitive trains of short pulses (10 trains of 50 ms pulse at 10 Hz) (Fig. 526 

6C and 6D, respectively).   527 

 The left and right panels of Fig. 7A show the behavioral responses induced by the 528 

optical stimulation of the caudo-lateral SC by a 250 μm diameter fiber in the closed box and 529 

on the open platform, respectively (6 tested animals). A brief optical stimulation (single 50 530 

ms pulses) induced contraversive orienting responses of the head (head-only turn) in the 531 

awake condition (95% in closed box (left panel) and 98% in open platform (right panel)). 532 

With the extended stimulation, large angular rotations of the head eventually followed by 533 

contraversive body turn were observed. When the stimulus duration was increased from 534 

single 50 ms pulses to single 200 ms pulses and 20 trains of 50 ms pulses at 10 Hz, the 535 

frequency of body turn significantly increased from 5% to 17% and 83%, and then that of 536 

head-only turn significantly decreased from 95% to 78% and 8%, respectively (p < 0.001, 537 

Bonferroni’s Multiple Comparison Test), in the closed box. On the open platform, the same 538 

stimulus parameters also significantly increased the frequency of body turn from 2% to 12% 539 

and 86%, and significantly decreased that of head-only turn from 98% to 78% and 6%, 540 

respectively ((p < 0.001, Bonferroni’s Multiple Comparison Test, Fig. 7A, right panel). No 541 

significant difference between the percentages of responses for each stimulus parameter 542 
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between the two environments could be found for either the brief stimulation or the extended 543 

stimulation (Bonferroni’s Multiple Comparison Test). Thus, the evoked responses were 544 

context-independent. 545 

 The left and right panels of Fig. 7B show the behavioral responses induced by the 546 

optical stimulation of the rostro-medial SC by a 250 μm diameter fiber in the closed box and 547 

on the open platform, respectively (6 tested animals). In the closed box, a brief stimulation 548 

(single 50 ms pulses) tended to induce mainly an upward and slightly ipsiversive head-only 549 

turn (87%). When the pulse width was increased (single 200 ms pulses), the frequencies we 550 

observed were 45% for head only turn, 22% for body turn, 20% for retreat, 3% for flight and 551 

10% for freezing (Fig. 7B, left panel). On the open platform, they were 5%, 27%, 52%, 15% 552 

and 2%, respectively (Fig. 7B, right panel). Thus, various responses were induced and there 553 

was no statistical difference between the closed box and open platform (Bonferroni’s 554 

Multiple Comparison Test). In case of extended stimulation (20 trains of 50 ms pulses at 10 555 

Hz), frequency of flight responses tended to increase (to 32% in the closed box (left panel) 556 

and 45% in the open platform (right panel, p < 0.05, Bonferroni’s Multiple Comparison Test) 557 

and again, there was no statistical difference between the closed box and open platform 558 

(Bonferroni’s Multiple Comparison Test). We confirmed that laser stimulation of the rostro-559 

medial SC with red color (635 nm, 163 mW/mm2) did not induce any behavior change, head 560 

turn, body turn or defensive response in 3 mice as a control. 561 

The left and right panels of Fig. 7C show the behavioral responses induced by the 562 

optical stimulation of the wide area of the SC by the 500 μm diameter optic fiber placed over 563 

the central SC in the closed box and on the open platform, respectively (6 tested animals). A 564 

brief stimulation (50 ms) evoked head-only turn (57% in closed box (Fig. 7C left panel) and 565 

55% in open platform (Fig. 7C right panel)). With the increases in the duration of optical 566 

stimulation (20 trains of 50 ms pulses at 10 Hz), the frequency of freezing responses 567 
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(exemplified in Movie 6, defined as movement halt during and for a few seconds after the 568 

stimulus offset) markedly increased on average, to 67% in the closed box (Fig. 7C left panel, 569 

p < 0.01 and p < 0.001, Bonferroni’s Multiple Comparison Test) and 65% on the open 570 

platform (Fig. 7C right panel, p < 0.01 and p < 0.001, Bonferroni’s Multiple Comparison 571 

Test) and retreat and flight responses were induced less frequently. Retreat was observed 8% 572 

and flight 12% in the closed box. On the open platform they were observed 12% and 8%, 573 

respectively. We classified the responses mainly by the major motor responses, however, in 574 

many cases; these responses were typically followed by freezing in the case of central SC 575 

stimulation.   576 

 Thus, nonselective local stimulation of the caudo-lateral SC, representing the lower 577 

visual field, typically elicited orienting responses. Defense-like responses were evoked most 578 

frequently from local stimulation of the rostro-medial part of the SC, representing the upper 579 

visual field, however, the effects were not as context-dependent as the pathway-selective 580 

stimulation. Furthermore, freezing was the most notable feature of the nonselective 581 

stimulation of the wide area of SC.   582 

 583 

Discussion  584 

Methodological considerations 585 

The pathway-selective activation was achieved by double vector infection in this 586 

study. Currently, pathway-selective optogenetic manipulation is achieved either by (1) 587 

transgenic lines for expression of photo-activatable opsin using a cell-type specific promotor, 588 

or (2) injection of an opsin-expressing viral vector at the somatic location and applying 589 

stimulation to the labeled terminals, or (3) double viral vector technology: combination of a 590 

retrograde vector injection into the target area and an anterograde vector injection into the 591 

somatic location.  In all these methods, additional activation of collaterals should be 592 
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considered as a possible concern.  In method (1), all the collaterals emerging from the target 593 

neurons would be activated.  In method (2), pathway-selective activation could be achieved; 594 

however possible antidromic activation cannot be excluded.  In some cases, the possibility of 595 

antidromic activation was ruled out (Azim et al., 2014), while in other cases, the antidromic 596 

activation has been demonstrated (Saiki et al., 2018).  Method (3), as in the present 597 

experiments, can be applied to any anatomically identified pathways whose cell-type specific 598 

promotors are not identified.  In this case, all collaterals of target neurons will be activated.  599 

Findings of this study were obtained by activation of the entire axonal arbors of the target 600 

neurons.  In any case, it is important to know the whole axonal trajectory of the target 601 

neurons to fully understand the results of manipulation. 602 

Renaming of the classical “crossed” and “uncrossed” pathways  603 

Tracing the whole axonal trajectories of both types of neurons revealed some 604 

collateral branches which were not found in the previous studies (Redgrave et al. 1987, 1988; 605 

Dean et al. 1989). Descending axons of the “crossed pathway” have collaterals on the 606 

ipsilateral brainstem (white arrows in Fig. 3A4), and those of the “uncrossed” pathway have 607 

collaterals on the contralateral brainstem. The possibility of diffusion of the injected vector 608 

could be excluded because projection pattern of both groups of neurons were different as 609 

shown in Figure 3 and Figure 4. Furthermore, both groups of neurons have ascending 610 

collaterals mainly on the ipsilateral side. Therefore, we decided to rename the “crossed” and 611 

“uncrossed” SC-brainstem pathway as “tectal orienting” pathway and “tectal defense” 612 

pathway, respectively. 613 

Primary responses to activation of the tectal orienting vs defense pathway neurons 614 

Brief optical activation of the tectal orienting pathway neurons caused contraversive 615 

orienting-like head turn, while extended stimulation caused contraversive turn involving the 616 
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whole body.  In clear contrast, optical activation of the tectal defense pathway neurons 617 

elicited defense-like responses. Brief stimulation induced oblique and upward head-only 618 

turns. Extended stimulus additionally induced responses resembling retreat or flight. These 619 

patterns of defensive responses were reminiscent of those described by Redgrave and 620 

colleagues, who studied the functional status of descending projections from the SC with 621 

classical electrical and chemical stimulation techniques combined with surgical lesions (Dean 622 

et al., 1986, 1989; King et al., 1996; Redgrave et al., 1987, 1988; Sahibzada et al., 1986).   623 

We compared the effects of activating the two pathways selectively with those 624 

obtained following nonselective optical activation of SC neurons. Stimulation of the caudo-625 

lateral SC, in which the lower visual field is represented, evoked responses apparently similar 626 

to selective activation of the crossed pathway. Alternatively, nonselective activation of the 627 

rostro-medial SC, where the upper visual field is represented, induced responses very similar 628 

to those produced by selective activation of the tectal defense pathway. These results can be 629 

explained by considering the anatomical distribution of the cells of origin of the two 630 

descending pathways in the rodent SC, in conjunction with the ecological niche occupied by 631 

rodents (Dean et al., 1989). First, the neurons giving rise to the tectal orienting pathway are 632 

concentrated in the lateral SC (Fig. 3B), while those projecting to the tectal defense pathway 633 

are more prevalent medially (Fig. 4B). In the visual space map of the SC, the medial region 634 

corresponds to the upper visual field, while the lower visual field is represented laterally 635 

(Dräger and Hubel 1976). For these species, their predators (birds of prey and larger 636 

mammals) most frequently approach from above. It is therefore perhaps not surprising that in 637 

these species, a specialized association between upper field visual stimuli and defensive 638 

behavior has evolved. Alternatively, most stimuli that these animals would want to locate and 639 

move towards (food and young) are typically on the ground and would appear in the lower 640 

visual field. Clearly, the evolved mechanism for this functional specialization in rodents is 641 
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the differential concentration of defense-related cells in the medial upper-field portion, and 642 

cells promoting orienting behavior located laterally in lower-field regions of the SC map 643 

(Redgrave et al., 1986).   644 

A closer look at the results of the present study, however, reveals a more nuanced 645 

picture. Functional differences were observed between the nonselective activation of SC, 646 

which most likely involved the simultaneous activation of both descending projections as 647 

well as activation of the superficial layers (SCs). When the central SC was activated with an 648 

optic fiber with large diameter, freezing responses were observed more frequently than the 649 

localized stimulations. Optical stimulation with a large fiber could conceivably correspond to 650 

the sudden appearance of a large object covering much of the animal’s visual field, similar to 651 

the looming stimulus. Such a stimulus event would be unusual in nature, and it would be 652 

likely that both orienting-approach and defense-avoidance systems in the SC would have 653 

been activated simultaneously. If so, unresolved competition between them could mean that 654 

freezing would be the most adaptive response. This hypothesis could be tested by 655 

systematically changing the diameter of photostimulation, which itself is technically 656 

challenging but could be tried in future. An alternative possibility for the prevalence of 657 

freezing by central SC stimulation could be that the stimulation may also have activated other 658 

SC outputs. Recent studies by Wei et al. (2015), and Shang et al. (2015), reported freezing 659 

following selective activation of cell groups in the SCs. This response was ascribed to 660 

indirect activation of amygdala by visual inputs routed through the SC.   661 

Shortest pathways for the motor outputs 662 

Here, we were able to show that activation of each descending pathway evoked EMG 663 

responses in the dorsal neck muscles about 3 - 5 ms after optically induced spiking in the SCd 664 

(Fig. 5). The descending routes of communication were confirmed when critical relays in the 665 

brainstem reticular formation were inactivated, optically elicited EMG responses abolished. 666 
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This result is consistent with previous studies in cats that showed the shortest pathway from 667 

the SC to neck motoneurons was mediated by reticulospinal neurons in the PMRF projecting 668 

bilaterally to neck motoneurons (Iwamoto et al., 1990; Anderson et al., 1971; Isa and Sasaki 669 

2002).  In case of the defense pathway, the short latency EMG responses could be explained 670 

by a tri-synaptic linkage from the SCd to neck motoneurons presumably mediated by neurons 671 

in the midbrain reticular formation and reticulospinal neurons in the PMRF as suggested 672 

previously in the cat by Alstermark et al. (1992).  It might be surprising that inactivation of 673 

the brainstem reticular formation totally eliminated the neck muscle responses on both sides. 674 

This would be primarily because the major portion of the SC effects on the neck muscle 675 

activity is mediated by the uncrossed and crossed pontine and medullary reticulospinal 676 

neurons, not by the direct tectospinal tract. This speculation would be supported by 677 

observation in Figure 3A7, showing the presence of relatively few tectospinal axons 678 

compared to the large number of predorsal bundle axons visible in the brainstem (Fig. 3A5).   679 

Long-latency, context-dependent responses to the tectal defense pathway activation and 680 

their possible anatomical basis 681 

In addition to the robust short latency responses induced via oligosynaptic pathway to 682 

motoneurons (see above), we also observed longer latency defense-like responses which 683 

appeared to be context-dependent. It is likely that context-dependent effects of defense-like 684 

responses originated from the forebrain regions which may be supplied with information 685 

carried by ascending collaterals from the tectal defense pathway neurons. An important 686 

advantage of the current pathway-selective activation procedures was that the entire network 687 

of axonal projections, including collaterals, of activated neurons could be traced. The tectal 688 

defense pathway neurons project ascending branches widely to midbrain and thalamic nuclei 689 

and descending branches towards a variety of targets in the pons and medulla, some of which 690 

are different from targets of the orienting pathway (Fig. 3C and 4C).  It is likely that some of 691 
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the target regions of defense pathway neurons may be associated with different components 692 

of the elicited responses. For example, the SC-PPN/CnF projections might be involved in the 693 

locomotor aspects of defense-like behaviors, because PPN and CnF have been considered as 694 

the mesencephalic locomotor region (Shik et al., 1966). Dense projection to PoT (posterior 695 

thalamic nucleus, triangular) might be related to aversive itch or pain perception (Lipshetz et 696 

al., 2018). Other target regions of the thalamus have connections to the cerebral cortex, 697 

limbic system (Doron and Ledoux, 2000) and basal ganglia (Beckstead, 1984). Return 698 

connections from these forebrain regions to the SC and other brainstem targets could be the 699 

means whereby affective and cognitive influences might modify the motor component of 700 

defensive responses to visual threat. Therefore, it is particularly interesting that the ascending 701 

collaterals from the SCd may reach the amygdala, because if such efference copy signal of 702 

the innate defense response activates the amygdala, it would indicate the existence of 703 

retrospective activation system of fearful emotion succeeding the motor responses.   704 

The trajectories of tectal orienting pathway neurons partly correspond to those of 705 

presaccadic bursting neurons found in cats (Grantyn and Grantyn, 1982) and squirrel 706 

monkeys (Moschovakis et al., 1988a, b).  In addition to projection to the contralateral PMRF, 707 

they also possessed ipsilateral projections to SNc, mRt, PPN and a part of the PRMF, in 708 

common with the tectal defense pathway, which was missed in the previous study (Redgrave 709 

et al. 1987, 1988; Dean et al., 1989).   710 

It is now clear that there are multiple output channels from the SC, both SCs and SCd, 711 

which mediate approach orienting and defense-related signals. The precise nature of these 712 

responses can be modified by contextual cues. The role played by each channel in different 713 

aspects of the adaptive responses to appetitive and threatening visual stimuli, and how they 714 

can be modified by top-down influences, represent important goals for future studies.  715 
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Legends 845 

Figure 1. Pathway-selective optogenetic activation of SC output neurons. A, Viral vector 846 

constructions. B, Experimental protocols. C, Schematic diagram for the double injection of 847 

the viral vectors into the brainstem and SC, and the interaction of NeuRet-MSCV-Cre and 848 

AAV-EF1α-DIO-hChR2(E123T/T159C)-EYFP in the double infected SC neurons. Upper 849 

insets in the left and right panels show the photomicrographs of the somas of the crossed 850 

(orienting) and uncrossed (defense) SC-brainstem pathway neurons, respectively. Lower 851 

insets in the left and right panels indicate the injection sites of the NeuRet-MSCV-Cre, 852 

indicated by a mock injection of Fluoro-Ruby into the brainstem reticular formation at medial 853 

ponto-medullary reticular formation (PMRF) and cuneiform nucleus (CnF), respectively. 854 

Scale bar = 100 μm. D, Responses of a mouse SC output neuron to blue laser stimulation 855 

(blue line) with a 500 μm diameter fiber. (1) Responses of the crossed (orienting) pathway 856 

neurons. (2) Responses of uncrossed (defense) pathway neurons.  857 

Figure Contributions: Thongchai Sooksawate, Kenta Kobayashi and Kaoru Isa performed the 858 

experiments; Thongchai Sooksawate analyzed the data and prepared the figure. 859 

Figure 2. Categorization of behavioral responses to selective optogenetic activation of each 860 

SC output pathway. A-D, Sequential photographs illustrating each of typical behavioral 861 

response patterns of the mice following optogenetic activation of SC neurons. E, 862 

Categorization and percentage of responses in 10 trials of behavioral responses induced by 863 

the crossed (orienting) pathway with various stimulus intensities (50 ms, 200 ms and 50 ms x 864 

20). Left panel for the responses in the closed box and right panel for the responses on the 865 

open platform (* p<0.05, ** p<0.01, *** p<0.001, Bonferroni’s Multiple Comparison Test, 8 866 

tested animals). F, Categorization and percentage of responses in 10 trials of behavioral 867 

responses induced by the uncrossed SC-brainstem pathway with various stimulus intensities. 868 

Left panel for the responses in the closed box and right panel for the responses on the open 869 
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platform. (* p<0.05, ** p<0.01, *** p<0.001, Bonferroni’s Multiple Comparison Test, 7 870 

tested animals).  Frequencies of retreat and flight responses at 200 ms pulse were 871 

significantly different between the closed box and open platform environment (dotted green 872 

and blue lines with asterisks; ** p<0.01, *** p<0.001, Bonferroni’s Multiple Comparison 873 

Test, n = 7). G, Upper panel shows the examples of the trajectory of the orienting responses 874 

of the mouse during stimulation of the crossed (orienting) pathway (20 trains of 50 ms pulses 875 

at 10 Hz) in the closed box and on the open platform. Lower panel shows a histogram of the 876 

velocity of body movements before, during and after stimulation. H, Upper panel shows the 877 

examples of the trajectory of the defense-like responses of the mouse during stimulation of 878 

the uncrossed (defense) pathway (20 trains of 50 ms pulses at 10 Hz) in the closed box and 879 

the open platform. Lower panel shows a histogram of the velocity of body movements before, 880 

during and after stimulation.  881 

Figure Contributions: Thongchai Sooksawate, Kenta Kobayashi and Kaoru Isa performed the 882 

experiments; Thongchai Sooksawate and Kaoru Isa analyzed the data and prepared the figure. 883 

 884 

Figure 3. Axonal trajectories of the crossed (orienting) pathway neurons visualized by anti-885 

GFP immunohistochemistry with Alexa 594. A, Crossed (orienting) pathway; 1-6. 886 

photomicrographs of the frontal sections of the diencephalon, brainstem.  Scale bars = 1 mm. 887 

7. Spinal cord (C1 level).  Upper panel: low magnification bright field view (scale bar = 1 888 

mm). Lower panel: high magnification fluorescent view of the square area in the upper panel 889 

(scale bar = 100 μm).  B, A diagram showing the location of the somata of crossed (orienting) 890 

pathway neurons. C, Targets of the crossed (orienting) pathway neurons. The numerals with 891 

arrows indicate the rostrocaudal levels of photomicrographs in A1-7. An asterisk indicates the 892 

injection site of viral vector in PMRF.  Abbreviations: CM/PC/CL: rostral intralaminar 893 
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thalamic nuclei, such as central medial thalamic nucleus (CM)/paracentral thalamic nucleus 894 

(PC)/centrolateral thalamic nucleus (CL), coSCd; contralateral SC deeper layers, IO: inferior 895 

olive, MDL: mediodorsal thalamic nucleus lateral part, mRt: mesencephalic reticular 896 

formation, NRTP: nucleus reticularis tegmenti pontis, PDB: predorsal bundle, PF: 897 

parafascicular thalamic nucleus, PMRF: medial ponto-medullary reticular formation, PPN: 898 

pedunculopontine nucleus, SAI: intermediate white layer, SC: superior colliculus, SCd: SC 899 

deeper layers, SGP: deep gray layer, SGS: superficial gray layer, SNc: substantia nigra pars 900 

compacta, SO: optic layer, Sp.c.: spinal cord, VM: ventral mediothalamic nucleus, ZI: zona 901 

incerta. 902 

Figure Contributions: Thongchai Sooksawate, Kenta Kobayashi and Kaoru Isa performed the 903 

experiments; Kaoru Isa, Peter Redgrave and Tadashi Isa analyzed the data. 904 

 905 

Figure 4.  Axonal trajectories of the uncrossed (defense) pathway neurons visualized by anti-906 

GFP immunohistochemistry with Alexa 594.  A, Uncrossed (defense) pathway; 1-6. 907 

photomicrographs of the frontal sections of the diencephalon and brainstem.  Scale bars = 1 908 

mm. B, A diagram showing location of the somata of uncrossed (defense) pathway neurons.  909 

C, Targets of the uncrossed (defense) pathway neurons. The numerals with arrows indicate 910 

the rostrocaudal levels of photomicrographs in A1-6. An asterisk indicates the injection site 911 

of viral vector in the right midbrain reticular formation around CnF. The same abbreviations 912 

as Figure 3 and additional abbreviations: CnF: cuneiform nucleus, dPAG: dorsal 913 

periaqueductal gray matter, IC: inferior colliculus, LP: lateral posterior thalamic nucleus, 914 

PIL: posterior intralaminar nucleus, PoT: posterior thalamic nucleus, triangular, Re: reuniens 915 

thalamic nucleus. 916 
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Figure Contributions: Thongchai Sooksawate, Kenta Kobayashi and Kaoru Isa performed the 917 

experiments; Kaoru Isa, Peter Redgrave and Tadashi Isa analyzed the data. 918 

 919 

Figure 5. EMG responses of dorsal neck muscles to optogenetic stimulation of the SC 920 

neurons. A, Schematic diagram showing the experimental protocol. B, EMG response to the 921 

activation of the tectal orienting pathway, which was inhibited by a muscimol at 2 and 5 922 

minutes after injection into the brainstem. C, EMG responses to the activation of the tectal 923 

defense pathway, which were also abolished by unilateral microinjection of muscimol at 2 924 

and 5 minutes after injection into the brainstem.  The horizontal blue lines above individual 925 

traces indicate the period of laser irradiation. 926 

Figure Contributions: Thongchai Sooksawate, Kenta Kobayashi and Kaoru Isa performed the 927 

experiments; Thongchai Sooksawate analyzed the data; Thongchai Sooksawate and Kaoru Isa 928 

prepared the figure. 929 

 930 

Figure 6. Nonselective optogenetic activation of the SC neurons. A, Fluorescent 931 

photomicrographs of the superior colliculus that expressed ChR2 and tdTomato. Scale bar = 1 932 

mm.  B, Site of laser stimulation on the topographic map of the mouse SC. C, Responses of 933 

mouse SCs neuron to blue laser stimulation; raw traces (upper row), peri-stimulus time 934 

histogram (PSTH) (middle row) and raster plots (lower row). D, Responses of mouse SCd 935 

neuron to blue laser stimulation; raw traces (upper row), peri-stimulus time histogram 936 

(PSTH) (middle row) and raster plots (lower row).  The horizontal blue lines above 937 

individual traces indicate the period of laser irradiation; single, long pulse (100 ms) on the 938 

left (horizontal blue line), and repetitive stimulation with short pulses on the right (10 trains 939 

of 50 ms duration pulses with 50 ms interval (10 Hz), horizontal blue broken line).  940 
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Abbreviations: PAG: periaqueductal gray matter, SAI: intermediate white layer, SC: superior 941 

colliculus, SCd: SC deeper layers, SCs: SC superficial layers, SGI: intermediate gray layer, 942 

SGP: deep gray layer, SGS: superficial gray layer, SO: optic layer. 943 

Figure Contributions: Thongchai Sooksawate, Kenta Kobayashi and Kaoru Isa performed the 944 

experiments; Thongchai Sooksawate analyzed the data; Thongchai Sooksawate and Kaoru Isa 945 

and prepared the figure. 946 

 947 

Figure 7. Categorization of behavioral responses to nonselective optogenetic activation of the 948 

SC neurons in the closed box or on the open platform environment. Behavioral response 949 

categories (body turn, head-only turn, retreat, flight, and freezing responses) are plotted on 950 

the horizontal axis and their percentage of occurrence in 10 trials to stimulation with each 951 

parameter on the vertical axis. A, Stimulation of the caudo-lateral SC by a 250 μm diameter 952 

fiber with various stimulation parameters (50 ms, 200 ms and 50 ms x 20). Left panel for the 953 

responses in the closed box and right panel for the responses on the open platform (* p<0.05, 954 

** p<0.01, *** p<0.001, Bonferroni’s Multiple Comparison Test, 6 tested animals) B, 955 

Stimulation of the rostro-medial SC by a 250 μm diameter fiber with various stimulation 956 

parameters. The same arrangement as A (6 tested animals) C, Stimulation of the central SC 957 

by a 500 μm diameter fiber with various stimulation parameters. The same arrangement as A 958 

and B (6 tested animals).   959 

Figure Contributions: Thongchai Sooksawate, Kenta Kobayashi and Kaoru Isa performed the 960 

experiments and prepared the figure; Thongchai Sooksawate and Kaoru Isa analyzed the data 961 

and prepared the figure. 962 
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Movies 964 

Movie 1. Head-only turn response. Pathway selective optogenetic activation-induced head-965 

only turn of mouse in the crossed (orienting) pathway group to blue laser (50 ms duration) in 966 

the closed box.  967 

Movie 2. Body turn in closed box. Pathway selective optogenetic activation-induced body 968 

turn response of mouse in the crossed (orienting) pathway group to blue laser (50 ms duration, 969 

10 Hz, 20 trains) in the closed box. 970 

Movie 3. Body turn response in open platform. Pathway selective optogenetic activation-971 

induced body turn response of mouse in the crossed (orienting) pathway group to blue laser 972 

(50 ms duration, 10 Hz, 20 trains) on the open platform.  This mouse was the same one as in 973 

Movie 2. 974 

Movie 4. Flight response in closed box. Pathway selective optogenetic activation-induced 975 

flight response of mouse in the uncrossed (defense) pathway group to blue laser (50 ms 976 

duration, 10 Hz, 20 trains) in the closed box.   977 

Movie 5. Retreat response in open platform. Pathway selective optogenetic activation-978 

induced retreat response of mouse in the uncrossed (defense) pathway group to blue laser (50 979 

ms duration, 10 Hz, 20 trains) on the open platform.   980 

Movie 6. Freezing response in closed box. Pathway-nonselective stimulation (100 ms 981 

duration) of central SC induced freezing responses which last during the stimulation and for a 982 

few seconds after the stimulus offset. 983 




























