
Systems/Circuits

Superior Colliculus Controls the Activity of the
Rostromedial Tegmental Nuclei in an Asymmetrical Manner

Kamil Pradel, Gniewosz Drwiȩga, and Tomasz Błasiak
Department of Neurophysiology and Chronobiology, Institute of Zoology and Biomedical Research, Jagiellonian University, 30-387, Krakow, Poland

Dopaminergic (DA) neurons of the midbrain are involved in controlling orienting and approach of animals toward relevant
external stimuli. The firing of DA neurons is regulated by many brain structures; however, the sensory input is provided pre-
dominantly by the ipsilateral superior colliculus (SC). It is suggested that SC also innervates the contralateral rostromedial
tegmental nucleus (RMTg)—the main inhibitory input to DA neurons. Therefore, this study aimed to describe the physiology
and anatomy of the SC–RMTg pathway. To investigate the anatomic connections within the circuit of interest, anterograde,
retrograde, and transsynaptic tract-tracing studies were performed on male Sprague Dawley rats. We have observed that
RMTg is monosynaptically innervated predominantly by the lateral parts of the intermediate layer of the contralateral SC. To
study the physiology of this neuronal pathway, we conducted in vivo electrophysiological experiments combined with optoge-
netics; the activity of RMTg neurons was recorded using silicon probes, while either contralateral or ipsilateral SC was opto-
genetically stimulated. Obtained results revealed that activation of the contralateral SC excites the majority of RMTg neurons,
while stimulation of the ipsilateral SC evokes similar proportions of excitatory or inhibitory responses. Consequently, single-
unit recordings showed that the activation of RMTg neurons innervated by the contralateral SC, or stimulation of contralat-
eral SC-originating axon terminals within the RMTg, inhibits midbrain DA neurons. Together, the anatomy and physiology
of the discovered brain circuit suggest its involvement in the orienting and motivation-driven locomotion of animals based
on the direction of external sensory stimuli.
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Significance Statement

Dopaminergic neurons are the target of predominantly ipsilateral, excitatory innervation originating from the superior colli-
culus. However, we demonstrate in our study that SC inhibits the activity of dopaminergic neurons on the contralateral side
of the brain via the rostromedial tegmental nucleus. In this way, sensory information received by the animal from one hemi-
field could induce opposite effects on both sides of the dopaminergic system. It was shown that the side to which an animal
directs its behavior is a manifestation of asymmetry in dopamine release between left and right striatum. Animals tend to
move oppositely to the hemisphere with higher striatal dopamine concentration. This explains how the above-described cir-
cuit might guide the behavior of animals according to the direction of incoming sensory stimuli.

Introduction
The role of dopaminergic (DA) neurons located in the midbrain
[ventral tegmental area (VTA) and substantia nigra pars com-
pacta (SNc)] in control of motor functions, learning, and
reward-related behaviors is well established (Mogenson et al.,
1980; Wise, 2004; Baik, 2013). They drive the organism to choose
proper motor actions in given circumstances to maximize sur-
vival. Such action-gating property of dopaminergic neurons
requires them to integrate a wide range of information, of both
external and internal origin. Such a variety of information is pro-
vided by the prolific innervation from different brain areas
(Watabe-Uchida et al., 2012). Sensorial information is most
probably delivered by the superior colliculus (SC), which is a
brain region processing sensory information from the contralat-
eral side of the body (May, 2006; May et al., 2009; Redgrave et al.,
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2010). Notably, the function of intermediate and deep layers of
the SC in motor guidance, driving object-oriented eye (saccades),
head, body, and limb movements is well documented (Gandhi
and Katnani, 2011). In contrast, superficial layers of the SC are
mostly visual, involved in rapid detection of the onset of sensory
stimuli and further relaying this information to the deeper SC
layers.

It has been shown that SC innervates midbrain dopaminergic
neurons (Comoli et al., 2003; Coizet et al., 2007; May et al., 2009;
Yetnikoff et al., 2015), and the latency of the reaction of SC to
visual stimuli is always shorter than that of midbrain dopaminer-
gic neurons (Redgrave and Gurney, 2006). Phasic activity of do-
paminergic neurons evoked by the visual stimuli is diminished
by the lesion of the ipsilateral SC (Comoli et al., 2003).
Accordingly, pharmacological disinhibition of the SC increased
visually evoked (Comoli et al., 2003; Bertram et al., 2014) and
spontaneous (Coizet et al., 2003) activity of midbrain dopami-
nergic neurons, as well as dopamine release in the striatum
(Dommett et al., 2005). Moreover, when the SC of monkeys with
lesioned primary visual cortex was pharmacologically blocked, it
was only then that the monkeys lost the ability to perform antici-
patory behaviors based on the contralateral reward-associated
cues; futhermore dopaminergic neurons stopped responding to
these cues (Takakuwa et al., 2017). Additionally, it was demon-
strated recently that the SC–VTA pathway is important for ori-
enting behavior during interaction with a conspecific, as well as
for mediating visually evoked innate defensive responses
(Prévost-Solié et al., 2019; Zhou et al., 2019).

Studies mentioned above focus on the innervation of dopami-
nergic neurons descending from the ipsilateral SC. Nevertheless,
anatomic studies strongly suggest that SC also sends projections
to the contralaterally located rostromedial tegmental nucleus
(RMTg), which constitutes the main inhibitory input to the mid-
brain dopaminergic neurons (Kaufling et al., 2009; Jhou et al.
2009a,b; Bourdy and Barrot, 2012; Yetnikoff et al., 2015). Given
that SC innervates dopaminergic neurons located ipsilaterally
and RMTg neurons located contralaterally, it can be hypothe-
sized that the SC controls the activity of dopaminergic neurons
located in both hemispheres in an opposite manner (Fig. 1).

Notably, such brain wiring might have behavioral consequen-
ces, as the side toward which the animal directs its behavior is
the manifestation of the difference in the activity of the left and
right dopaminergic system. Body movements and behaviors are
performed toward the hemisphere with lower dopamine release
and away from the hemisphere with higher dopamine release
(Arbuthnott and Crow, 1971; Iwamoto et al., 1976; Joyce et al.,
1981; Glick et al., 1988; Bourdy et al., 2014; Molochnikov and
Cohen, 2014).

Therefore, SC, via contralateral RMTg, might contribute to
the lateralization of the movement of an animal, based on the
direction of incoming sensory stimuli. In this anatomic and elec-
trophysiological study, we aimed to describe the innervation de-
scending from the SC to the RMTg and to determine how this
neuronal pathway influences the dopaminergic system. To date,
this brain circuit has not been investigated.

Materials and Methods
Subjects. Male Sprague Dawley rats (weight, 280–350 g) were

acquired from the Institute of Zoology and Biomedical Research,
Jagiellonian University (Krakow, Poland) breeding facility. Animals
were housed in a room with controlled temperature (20–22°C) and hu-
midity (40–50%) under a 12 h light/dark cycle (lights on at 8:00 A.M.).
Animals had unlimited access to food and water. All procedures were

performed during the light phase of the light/dark cycle. All experimen-
tal procedures were conducted according to the EU Guide for the Care
and Use of Laboratory Animals and were approved by the Ethics
Committee for Animal Experiments at the Institute of Pharmacology,
Polish Academy of Sciences (Krakow, Poland).

Brain injection surgeries. All the procedures were conducted under
deep anesthesia induced by intraperitoneal injection of ketamine and
xylazine (100 and 10mg/kg body mass, respectively; Biowet-Puławy).
The reflexes of the animals were checked to assure that the anesthesia
was sufficient to conduct the surgical procedure. During the surgery, the
deep body temperature of animals was controlled and held at 37°C by an
automatic heating pad (temperature controller TCP-02, WMT).
Animals were carefully placed in a stereotaxic frame (model SF-4100,
ASI Instruments), using standard noninvasive ear bars (45° tip; model
EB-945), and an incisor bar (model RA-200). A sagittal incision on the
top of the head was made and the skin and soft tissue covering the bones
were retracted to expose the sutures. Once the bregma and lambda
points were evenly positioned in the dorsoventral axis, small cranioto-
mies were performed to allow the intrabrain injections. For injections,

Figure 1. Anatomical diagram depicting the studied brain circuit. SC (red) innervates pre-
dominantly the ipsilaterally located nuclei of the midbrain dopaminergic system (VTA and
SNc; blue). At the same time, SC innervates mainly the contralateral RMTg (orange). Sensory
stimulus perceived on one side of the body (depicted as a light bulb) could control the activ-
ity of the dopaminergic system on both sides of the brain in an opposite manner. Such an
imbalance of striatal dopamine release (depicted as a dopamine molecule) could bias the
behavior of the animal toward the side from which sensory stimulus is received (rightward
in the example shown; black arrow).
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Hamilton syringes (0.5 or 1ml; Hamilton) connected to glass micropip-
ettes (20–40mm tip) via 3-cm-long Tygon tubing were used.
Micropipettes were prepared from glass capillaries (Vitrex Medical A/S)
using a vertical puller (model PE-21, Narishige International
Instruments), and the whole injection system was filled with paraffin oil
(Sigma-Aldrich). Stereotaxic coordinates used were obtained from a rat
brain atlas (Paxinos and Watson, 2007) prior to experiments and were
refined experimentally. For retrograde tract-tracing experiments, 40 nl
of FluoroGreen (Tombow Pencil) was injected unilaterally into the
RMTg using the following stereotaxic coordinates: 10° lateral angle,
�6.8 to �7.0 mm caudally, 11.7 mm laterally, and �7.4 mm ventrally
from the skull surface at the bregma point. For anterograde tracing
experiments, 400 nl of AAV2-hSyn-eYFP [enhanced yellow fluorescent
protein; viral titer: 5.2� 1012 viral genomes (vg)/ml; UNC Vector Core,
University of North Carolina, Chapel Hill, NC] was injected into the
superior colliculus using the following coordinates: �6.4 mm caudally,
12.2 mm laterally, and �4.4 mm ventrally from the bregma point. For
electrophysiological experiments, injections of 300–400 nl of AAV2-
hSyn-ChR2(H134R)-eYFP (viral titer: 3.1� 1012 vg/ml; UNC Vector
Core) into the SC (unilaterally or bilaterally) were performed using the
following coordinates:�6.4 to�6.6 mm caudally,61.7 to62.2 mm lat-
erally, and �4.4 to �4.6 mm ventrally from the bregma point. In the
transsynaptic tract-tracing experiments, 80–200 nl of AAV1-hSyn-Cre-
hGH (AAV; viral titer: 1.8� 1013 vg/ml; Addgene) was injected into the
SC unilaterally (�6.4 to �6.6 mm caudally, 61.8 to 62.0 mm laterally,
and �4.4 to�4.6 mm ventrally from the bregma point), and, in some of
these rats, 300 nl of AAV2-EF1a-DIO-mCherry (viral titer: 5.3� 1012

vg/ml; UNC Vector Core) was injected into the contralateral RMTg (10°
lateral angle, �6.8 to �7.0 mm caudally, 11.7 mm laterally, and �7.4
mm ventrally from the bregma point). In the transsynaptic electrophysi-
ological experiments, the procedure was the same, with one difference:
AAV2-EF1a-DIO-ChR2(H134R)-mCherry (viral titer: 5.1� 1012 vg/ml;
UNC Vector Core) was used. Injections were performed at the rate of
100 nl/min, and once they were done the pipette was held in place for at
least 5 min before retracting. Finally, the skin incision was sutured and
antibacterial balm (Tribiotic; Kato Labs) was placed on the wound.
Afterward, the animals were subcutaneously injected with the anti-
inflammatory drug Tolfedine (4mg/kg body mass; Biowet-Puławy) and
the painkiller Torbugesic (0.2mg/kg body mass; Biowet-Puławy) and
then placed in their home cage to recover. For 5 d after the surgery, the
animals were treated with antibiotics added to their drinking water (Sul-
Tridin 24%, 1 ml/300 ml water; Biowet-Puławy).

Anatomical experiments. For the purpose of anatomic experiments,
animals were killed at the following times: 1 week after the FluoroGreen
injection in the case of retrograde tracing; 6 weeks after viral injections
in the case of anterograde tracing; and 3 weeks after viral injections in
the case of transsynaptic tracing (details of surgery are described in the
previous section). Animals were transcardially perfused with 300 ml of
PBS, pH;7.4, followed by 300 ml of 4% formaldehyde in PBS, and, after
extraction, their brains were submerged in such a fixing solution for
another 24 h. Afterward, using a vibratome (model VT1000S, Leica) the
brains were cut in the coronal plane into 50-mm-thick slices. The slices
were then mounted on a glass slide with the use of a DAPI-containing
mounting medium (VectaShield, Sigma-Aldrich), covered with a cover-
slip, and then investigated under a fluorescent microscope [Axio Imager.
M2 (equipped with an AxioCam MRm camera), Zeiss]. Once assured
that tracers were properly injected into the desired brain areas, coronal
slices from different distances from the bregma in the anteroposterior
(AP) axis were photographed to capture images of the entire areas of the
brain that were investigated. Superior colliculi (retrograde tracing) were
photographed at �5.6, �6.0, �6.5, �6.9, and �7.3 mm from the
bregma, in panorama mode, under 10�magnification. RMTg slices (an-
terograde tracing) were photographed at�6.4,�6.9, and�7.4 mm from
the bregma, in z-stack mode (3-mm-depth spacing), under 20� magnifi-
cation. In cases of transsynaptic anterograde tracing, in rats with two vi-
ral injections (for details, see Brain injection surgeries), representative
brain slices for the SC and RMTg, as well as five to six slices of the VTA/
SNc between �5 and �5.9 mm from the bregma, were photographed
under 10� magnification in the panorama mode. In rats with a single

injection (for details, Brain injection surgeries), representative brain sli-
ces for the SC and three slices of the RMTg at�6.6,�7.1, and �7.6 mm
from bregma were photographed.

In the case of transsynaptic anterograde tracing experiments, before
microscope inspection, brain slicing was followed by the immunohisto-
chemical staining procedure. First, blocking of the nonspecific binding
sites and membrane permeabilization was performed for 1 h at room
temperature [10% normal donkey serum (NDS) and 0.3% Triton X-100
diluted in PBS; Jackson ImmunoResearch Europe and Sigma-Aldrich,
respectively]. Next, slices containing injection sites and, in the case of
brains with single injection, slices of RMTg were incubated for 2 d in
4°C temperature with a primary antibody against Cre-recombinase (mu-
rine anti-Cre antibody 1:1000, 2% NDS, 0.3% Triton X-100 diluted in
PBS; Abcam). In cases of VTA and SNc slices, immunostaining against
tyrosine hydroxylase was performed [rabbit anti- tyrosine hydroxylase
(TH) antibody 1:500, 2% NDS, 0.3% Triton X-100 diluted in PBS;
Sigma-Aldrich]. Then, slices were washed three times with PBS for
10min and then incubated for the next 24 h in 4°C temperature with a
secondary antibody (donkey anti-mouse antibody with Alexa Fluor 647
1:400 or donkey anti-rabbit antibody with Alexa Fluor 488 1:400, 2%
NDS diluted in PBS; Jackson ImmunoResearch Europe).

Since RMTg is a brain region whose anatomic boundaries are diffi-
cult to determine from landmarks in unstained tissue, we performed im-
munostaining against FoxP1, as it has recently been shown to serve as a
robust RMTg marker (Smith et al., 2019). For this purpose, blocking and
membrane permeabilization were performed as described above in brain
slices collected from naive animals. Then, RMTg slices were incubated
for 1 d in 4°C temperature with a primary antibody against FoxP1 (rab-
bit anti-FoxP1 antibody 1:5000, 2% NDS, 0.3% Triton X-100 diluted in
PBS; Abcam). Next, the slices were washed three times with PBS and
incubated with the secondary antibody (donkey anti-rabbit antibody
with Cy3 1:400, 2% NDS diluted in PBS; Jackson ImmunoResearch
Europe) for the next 24 h in 4°C temperature. Based on the staining
obtained, a map was prepared and used to determine the limits of RMTg
in this study.

Electrophysiological experiments. Electrophysiological experiments
were performed at least 2 weeks after the viral vector injections (for
details, see Brain injection surgeries). Animals were deeply anesthetized
by intraperitoneal injection of urethane (1.5 g/kg body mass; Sigma-
Aldrich) diluted in 0.9% sodium chloride. During the procedure, the
deep body temperature of the animals was controlled and held at 37°C
by an automatic heating pad (temperature controller TCP-02, WMT)
via rectal thermometer. Animals were then mounted to a stereotaxic
frame (model SF-1450AP, ASI Instruments) using ear bars (18° tip;
model EB-918) and incisor bar (model RA-200). A sagittal incision on
the head was performed, and the skin and soft tissue covering the bones
were retracted to expose the sutures. After ensuring that bregma and
lambda points were evenly positioned in the dorsoventral axis, cranioto-
mies were made to allow the implantation of electrodes and optical
fibers. All exposed brain surfaces were covered with paraffin oil (Sigma-
Aldrich) to prevent tissue from drying.

Extracellular recordings of RMTg neuronal activity were conducted
using 32-channel silicon probes (four shanks; 200mm shank spacing;
50mm recording spot spacing; 1–2 MV impedance; model A4X8-10
mm-50–200-177, NeuroNexus). The extracellular signal was digitized
(40 kHz/channel), wide-band filtered (0.77–7500Hz), and stored on a
hard drive using the OmniPlex D Neural Recording Data Acquisition
System (Plexon). Shanks of the electrode were placed in the RMTg using
the following stereotaxic coordinates: 10° lateral angle,�7.8 to�6.8 mm
caudally, �2.3 to �2.5 mm laterally, and �7.2 to �8.8 mm ventrally
from the bregma. Recordings from three to five positions, with the spac-
ing of 0.4 mm in the dorsoventral axis, were performed. To place the
electrode within the anterior part of the RMTg while leaving the SC
intact, the skull was positioned at an ;8° angle by lowering the bregma
below the level of lambda, and then the following coordinates were used
for the electrode positioning:�8.1 to�8.7 mm caudally,�2.3 mm later-
ally, and �6.6 to �7.8 mm ventrally from the bregma. In this configura-
tion, recording from three positions, with the spacing of 0.4 mm in the
dorsoventral axis, was performed. To reduce tissue damage, a hydraulic
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micromanipulator was used to place MEA (multielectrode array) in the
desired position (MO-10, Narishige). To aid probe placement verifica-
tion, it was covered with fluorescent dye before brain implantation (DiI,
DiO, or DiD dye; Thermo Fisher Scientific).

Extracellular single-cell recordings in VTA/SNc were performed
using micropipettes prepared from borosilicate glass capillaries (outer
diameter, 1.5 mm; inner diameter, 0.86 mm, with filament; Sutter
Instrument) using a horizontal puller (model P-97, Sutter Instrument).
Glass electrodes were filled with 2% Chicago Sky Blue dye diluted in 0.5 M

NaCl. Electrodes with an impedance between 20 and 35 MV were used
for the recordings. Such electrodes were placed within the VTA or SNc
using the following stereotaxic coordinates: �5 to �6.0 mm caudally, 0.8-
1.7 mm laterally, and �7.8 to �9 mm ventrally from the skull surface at
the bregma point. To increase the stability of the recording, a hydraulic
micromanipulator was used to place the electrode in the desired position
(model MO-10, Narishige). Signals were amplified and filtered (1000�,
300–5000Hz) using a BA-03x bridge amplifier (NPI Electronic). Analog
signal was digitized (40 kHz) with a Micro1401 mk II interface operated
by Spike2 software for recording, storage, and further analysis (Cambridge
Electronic Design). Once the recordings were made, a negative current
(�10 mA) was passed through the electrode for 15–20min to deposit
Chicago Sky Blue dye at the recording site (Stimulus Isolator, WMT).
Recorded neurons were classified as dopamine-like when they met previ-
ously established electrophysiological criteria: a triphasic broad action
potential (.1.1ms measured from the action potential initiation to the
minimum of the trough) and a firing rate ,10Hz (Grace and Bunney,
1980, 1983; Ungless and Grace, 2012). The final criterion for classifying a
neuron meeting the electrophysiological criteria as a DA-like neuron was
the histologic confirmation of its position in the VTA/SNc.

For optogenetic stimulation of the SC during RMTg recordings, the
tips of two optical fibers (Ø, 105 mm; numerical aperture, 0.22;
ThorLabs), each connected to a 473 nm laser source (MBL-III-473 laser
with PSU-III-LED controller; CNI Optoelectronics Technology Co,
Ltd.), were placed just above the left and right SC using the following ste-
reotaxic coordinates: �6.6 to �7.0 mm caudally, 61.7 to 62 mm later-
ally, and �3 to�3.5 mm ventrally from the bregma. When the skull was
positioned at the ;8° angle, the following coordinates were used: 8° an-
terior angle, �7 mm caudally, 6 1.7 to 61.9 mm laterally, and �2.4 to
�2.6 mm ventrally from the bregma. In the case of VTA/SNc recordings,
to stimulate RMTg neurons innervated by the contralateral SC or SC-
originating axon terminals in the contralateral RMTg, optical fiber was
placed just above the RMTg using the following stereotaxic coordinates:
�7.0 to �7.8 mm caudally, 1.9-2 mm laterally, and �7 mm ventrally
from the bregma. To aid optical fiber placement verification, they were
covered with fluorescent dye before brain implantation (DiI, Thermo
Fisher Scientific). The power of the blue light emitted from the tip of the
optical fibers was measured by a photodiode power sensor (model
S121C, ThorLabs) connected to a digital optical power and energy meter
(model PM100D, ThorLabs). The analog signal provided by the light
meter was further digitalized by Micro1401 mk II interface and accu-
rately measured in Spike2 software (Cambridge Electronic Design) to
check the stability of the light source. Each light stimulation was deliv-
ered into the brain tissue with a power of under 20 mW at the fiber tip,
measured before each experiment. For the RMTg experiments, single
100ms light pulses were used, repeated every 6 s. For the VTA/SNc
experiments, single 100ms light pulses (repeated every 6 s) or 5ms
pulses delivered at 40Hz for 1 s (repeated every 10 s) were used.

Custom-made GUI and scripts in Spike2 were used to apply the light
protocols for the purpose of optogenetic stimulation. Additionally, elec-
trocorticographic (ECoG) recordings were conducted using a silver wire
connected to a screw (0.1–0.2 MV measured at 1 kHz in saline) that was
placed over the right hemisphere at the border of the primary motor and
somatosensory cortices. The ECoG was performed to avoid the compari-
son between the effects of the contralateral and ipsilateral stimulation of
the SC observed in the different states of the brain (i.e., activation and
slow-wave activity), as the activity of neurons might be altered by the
brain state. At the end of each experiment, the animals were injected
with 0.5 ml of pentobarbital (Morbital, Biowet-Puławy) and killed by
transcardial perfusion with PBS, pH;7.4, followed by 4% formaldehyde

in PBS. The brains were extracted and held in 4% formaldehyde in PBS
for at least 24 h. Then the brains were sliced and inspected under the flu-
orescent microscope, as described above in the Anatomical experiments
section. Slices containing the tip of silicon probe (DiI, DiO, or DiD dye)
or Chicago Sky Blue dye deposition, the tips of optical fibers (DiI dye),
as well as eYFP- or Cre-expressing SC neurons or mCherry-expressing
RMTg neurons, were photographed. The images were adjusted to the
corresponding section of the stereotaxic atlas of the rat brain (Paxinos
and Watson, 2007) using CorelDRAW software (Corel) to verify both
the placement of each recording spot as well as the optogenetic stimula-
tion site. In cases of transsynaptic VTA/SNc electrophysiological experi-
ments, slices containing SC were immunohistochemically stained
against Cre-recombinase (details are described above in the Anatomical
experiments section). Only the recordings that were localized within the
borders of RMTg or VTA/SNc—and only those from brains where
proper eYFP/Cre/mCherry expression and optical fiber placement was
observed—were further analyzed.

Data analysis. Anatomical data were analyzed using ImageJ software
(FIJI, version 1.52s). Panoramic images of both superior colliculi, after
retrograde tracing of the SC–RMTg neuronal pathway, were inspected
using the Cell Counter plugin. Neuronal tracer-filled neurons were man-
ually marked in each layer of the superior colliculi on both contralateral
and ipsilateral sides in relation to the RMTg injection site. The position
of each neuron was extracted and used for further analysis of the spatial
distribution using custom-made MATLAB scripts and for statistical
comparisons. In cases of anterograde tracing of the SC–RMTg neuronal
pathway, the z-stack images of both RMTgs obtained from brains unilat-
erally injected with anterograde tracer into the SC (for details, see Brain
injection surgeries) were analyzed. The area fraction taken by the eYFP-
positive axon terminals present in both RMTgs was calculated by first
changing the photograph to an 8 bit image, then subtracting the back-
ground (rolling ball radius = 50 pixels) and projecting the z-stack onto
one plane (projection type: max intensity). Then, the image was sharp-
ened (Unsharp Mask: radius = 10, mask weight = 0.9), denoised (three
times, Despeckle), binarized (threshold range: 45–255 pixels), small arti-
facts were removed (Analyze Particles: size = 80 to infinity pixels), and,
finally, the area fraction was calculated. In the case of anterograde trans-
synaptic tracing, Cre-positive neurons within the RMTg were manually
marked on both contralateral and ipsilateral sides in relation to the SC
injection site (in rats with AAV1-Syn-Cre-hGH-only injection). Then,
the positions of these neurons were extracted and used for further visual-
ization of spatial distribution using custom-made MATLAB scripts and
for statistical comparisons. In rats with the following injection of the
Cre-dependent AAV, within the ventral midbrain the density of axons
originating in the RMTg neurons innervated by the contralateral SC
were measured. For that purpose, VTA and SNc were outlined (based
on anti-TH staining). Next, the photograph was changed to an 8 bit
image, the background was subtracted (rolling ball radius= 50 pixels)
and the image was sharpened (Unsharp Mask: radius = 5, mask weight =
0.3–0.9), denoised (three times, Despeckle), binarized (threshold range:
30–255 pixels), and the region outside the VTA and SNc was filled with
gray color. Such images were subjected to further analysis using a cus-
tom-made MATLAB script where the area fraction was calculated for
each 0.2 mm bin in the mediolateral axis and further visualized. For each
brain, five to six slices were averaged.

To analyze the electrophysiological data obtained during RMTg
recordings, the recorded .pl2 files (Plexon file format) were converted to
binary format, and spikes were detected and sorted using Kilosort
(KilosortPLX) software (Pachitariu et al., 2016) in MATLAB environ-
ment (version R2018a). The GPU (graphics processing unit; NVIDIA
GeForce GTX 1060 Max-Q; CUDA version 9.0 for Windows) was used
for all of the calculations. Using the custom-made MATLAB scripts, the
results of spike sorting were transferred to .smrx files (Spike2 file format)
containing a bandpass-filtered signal (300–7500Hz bandpass filter,
Butterworth, fourth order). The signal from each recording spot that
was previously found to be located in the RMTg was then manually
inspected. If needed, the signal was further refined (cleaned, split,
merged) by using custom-made Spike2 scripts. Autocorrelograms, PCA,
as well as a visual comparison of the separated unit and raw signal, were
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used as indicators of proper separation of spikes from the raw signal.
Once all the units were inspected and refined, a custom-made Spike2
script was used to calculate the average peristimulus spike density func-
tion (SDF; Gaussian kernel, width = 100 ms) and saved to .txt files. The
same script and parameters were used to calculate peristimulus spike
density function from single channel recordings in the VTA/SNc (from
files that were inspected, cleaned, and refined in advance). Next, cus-
tom-made MATLAB scripts were used for preparing the heatmaps and
the mean and median activity plots and for the detection of the effects
caused by SC optogenetic stimulation (excitation or inhibition). Part of
the data is presented as normalized firing rate, which was calculated by
dividing all the bins by the mean value of all bins from the baseline, so
the mean baseline is equal to 1. The neuronal activity was considered to
be altered (either excited or inhibited) by optogenetic stimulation when
SDF crossed the threshold of 1 SD above (or below) the mean value of
SDF in the baseline, and additionally, the length of such change had to
be longer than the mean length (plus 1 SD) of threshold-crossing epi-
sodes in the baseline. Threshold crossing appearing later than 60ms after
the onset of the optogenetic stimulation was not considered as an effect.
In the case of experiments where axon terminals from SC were stimu-
lated within the borders of the contralateral RMTg, the neuron was con-
sidered as excited (or inhibited) when its activity during the stimulation
period (1 s) was higher (or lower) than the average activity in baseline6
SD. The obtained data underwent statistical analysis (see below).

Experimental design and statistical analysis. All statistical analyses
were performed using GraphPad Prism software (version 6.0 for
Windows; GraphPad Software) or SPSS Statistica (version 13 for
Windows; Tibco Software). The complete results of the statistical analy-
ses were reported in the Results section. All data are presented as the
mean 6 SEM, unless otherwise stated. Compared values were consid-
ered to be significantly different at p, 0.05. The distribution of the data
was tested (Kolmogorov–Smirnov and Shapiro–Wilk tests) before
choosing the appropriate test for the analysis. In the case of normally dis-
tributed data, the Student’s t test or one-way ANOVA was used (paired,
if possible). In the case of data that were not normally distributed, the
Mann–Whitney test (not paired), Wilcoxon matched-pairs signed-rank
test (paired), Kruskal–Wallis test (not paired), or Friedman test (paired)
was used. If more than one factor was present, a two-way ANOVA or
three-way ANOVA was used. When more than two groups were com-
pared, the tests were followed by Dunnett’s or Tukey’s post hoc test
(parametric) or Dunn’s post hocmultiple-comparison test (nonparamet-
ric). Multivariate ANOVA (MANOVA) test was used if more than one
dependent variable was tested simultaneously. In the case of contingency
tables, the x 2 test was used. For the correlations, the Kendall’s t rank
correlation coefficient test was used, since the data were not normally
distributed and the sample size was small.

Data availability
The custom-made MATLAB and Spike2 codes that were used for analy-
ses are available from the corresponding authors on individual request.

Results
Anatomical lateralization of neuronal pathway descending
from SC to RMTg
To precisely describe the neuronal pathway descending from SC
to RMTg, different tract-tracing techniques were used. The supe-
rior colliculi of five rats, which received unilateral injection of
the neuronal tracer (FluroGreen) into the RMTg, were inspected
in search of retrogradely labeled cells (Fig. 2A,B,D). The vast ma-
jority of FluoroGreen-positive neurons were found contralater-
ally to the injection site, as depicted in the exemplary SC
photography (Fig. 2C, top), the aggregate depiction of all neu-
rons found (Fig. 2C, medium), and density plot of all the neurons
(Fig. 2C, bottom). The highest number of retrogradely labeled
cells were located in the intermediate layer of SC contralateral to
the injection site (Fig. 2E; n=5, two-way ANOVA; overall con-
tralateral and ipsilateral cell count: 942.66 157.8 and

293.46 25.4; laterality: F(1,24) = 18.96, p= 0.0002; layer: F(2,24) =
39.84, p, 0.0001; laterality � layer interaction: F(2,24) = 19.58,
p, 0.0001; followed by Tukey’s post hoc test—contralateral in-
termediate vs ipsilateral intermediate: 843.86 146.3 vs
187.66 20.88, q=10.8, p , 0.0001; contralateral intermediate vs
contralateral superficial: 843.86 146.3 vs 7.86 4.07, q= 13.74,
p, 0.0001; contralateral intermediate vs contralateral deep:
843.86 146.3 vs 916 11.36, q=12.37, p, 0.0001; other compar-
isons did not reveal significant differences). This demonstrates
that RMTg is predominantly innervated by the intermediate
layer of the contralateral SC. Notably, the number of labeled neu-
rons in the intermediate layer of the SC increased with laterality
(Fig. 2F). The difference in FluoroGreen-positive neuron count
between the contralateral and ipsilateral sides was marked only
in the intermediate layer of the SC, at the lateralities between 1.1
and 2.7 mm (Fig. 2F; n=5, three-way ANOVA; laterality: F(1,432) =
145.07, p, 0.0001; layer: F(2,432) = 304.84, p, 0.0001;
ML: F(17,432) = 22.91, p, 0.0001; laterality � layer interaction:
F(2,432) = 149.81, p, 0.0001; laterality � ML interaction:
F(17,432) = 10.93, p, 0.0001; ML � layer interaction: F(34,432) =
17.19, p, 0.0001; laterality � layer � ML interaction: F(34,432) =
9.90, p, 0.0001; followed by post hoc Tukey’s test). Similarly, in
the case of the anteroposterior axis, the difference in FluoroGreen-
positive cell count between contralateral and ipsilateral sides was
seen only in the intermediate layer of the SC throughout the whole
SC, except the most anterior part (Fig. 2G; n=5, three-way
ANOVA: laterality: F(1,120) = 69.07, p, 0.0001; layer: F(2,120) =
145.12, p, 0.0001; AP: F(4,120) = 5.17, p=0.0007; laterality� layer
interaction: F(2,120) = 71.33, p, 0.0001; laterality� AP interaction:
F(4,120) = 3.20, p=0.0154; AP � layer interaction: F(8,120) = 3.61,
p=0.0008; laterality � layer � AP interaction: F(8,120) = 3.13,
p=0.003; followed by post hoc Tukey’s test). Also, it was observed
that the most SC neurons innervating contralateral RMTg were
located in the central part of the SC in the AP axis (Fig. 2G). To
summarize, the results of retrograde tract tracing revealed that
RMTg is innervated predominantly by the lateral parts of the in-
termediate layer of the contralateral SC.

The above observations were further confirmed by the results
of anterograde tract-tracing experiments. The rostromedial teg-
mental nuclei of five rats that received a unilateral injection of
AAV2-hSyn-eYFP into the SC (Fig. 3A) were investigated for the
presence of SC descending axon fibers (Fig. 3B). The area frac-
tion of SC axons within the contralateral RMTg was significantly
higher than in the ipsilateral RMTg; however, no difference was
seen within the anteroposterior axis (Fig. 3B,C; n= 5, two-way
ANOVA; laterality: contralateral, 3.406 0.47%; vs ipsilateral,
0.086 0.04%; F(1, 24) = 58.93, p, 0.0001; AP: F(2,24) = 1.27,
p= 0.30; laterality � AP interaction: F(2,24) = 1.12, p=0.34). This
clearly shows that axons descending from SC are present densely
in the contralateral RMTg while being almost absent in the ipsi-
lateral RMTg.

These results were further corroborated by the transsynaptic
tracing experiments. Nine animals received injections of AAV1-
Syn-Cre-hGH into the SC and three of them were also injected
with AAV2-EF1a-DIO-mCherry into the contralateral RMTg.
The brain slices containing SC, RMTg, VTA, and SNc underwent
immunohistochemical staining procedures against either Cre-
recombinase or tyrosine hydroxylase. Then the slices were inves-
tigated with the use of fluorescent microscopy. Transduced SC
neurons transport the viral vector anterogradely through the
axon and pass one synapse, causing Cre expression in monosy-
naptically innervated neurons (Zingg et al., 2017; Huang et al.,
2019). The expression of Cre-recombinase at the injection site
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can be seen in Figure 4A. Therefore, the mCherry expression
from the second viral vector relied on the monosynaptic connec-
tion between the SC and the injected region (RMTg in this
study). The presence of either Cre-recombinase or mCherry
within the borders of contralateral RMTg shows that indeed
there is a monosynaptic connection between SC and contralat-
eral RMTg (Fig. 4B,C). Moreover, the number of Cre-positive
cells was greater in the contralateral than in the ipsilateral RMTg.
The number of Cre-positive cells also increased caudally
(Fig. 4B). The injection of the AAV2-EF1a-DIO-mCherry
alone (without the AAV1-Syn-Cre-hGH injection into the
SC) did not result in any expression of mCherry in the
RMTg (data not shown). Moreover, the mCherry-positive
axon terminals were present within the borders of both
VTA and SNc (Fig. 4D). Axons were located mainly ipsi-
laterally to mCherry-positive RMTg, and their density was
highest in the lateral VTA and medial SNc (Fig. 4E). These
results indicate that RMTg neurons that are monosynapti-
cally innervated by the contralateral SC are located prefer-
entially in the caudal parts of RMTg and send ipsilateral
projections directly to the midbrain dopaminergic system,
with emphasis on the lateral VTA and medial SNc.

SC stimulation activates predominantly RMTg neurons on
the contralateral side
The activity of 624 RMTg neurons was recorded in 19 rats from
which 323 neurons underwent both contralateral and ipsilateral
SC stimulation (Fig. 5A, scheme of experiments). Localization of
each recorded neuron was confirmed through histologic verifica-
tion. Neurons in the RMTg (n= 624) displayed a spontaneous
firing rate of 20.146 0.86Hz. A similar firing rate was observed
in the neurons that underwent both contralateral and ipsilateral
SC stimulation (n=323, 16.966 0.97Hz; p=0.21, Mann–
Whitney test). The spontaneous activity of RMTg neurons was
similar to that described previously in the literature (Bourdy and
Barrot, 2012).

Optogenetic stimulation of either contralateral or ipsilateral
SC was repeated every 6 s (minimum, 14 stimulations; mean
stimulation count 6 SD, 92.16 36.8; each cell was subjected to
the same number of ipsilateral and contralateral SC stimula-
tions). The vast majority of RMTg neurons were excited by the
contralateral SC stimulation (176 of 323 neurons, 54.5%; Fig.
5B), after which some neurons were unresponsive (79 of 323,
24.5%; Fig. 5B) and only a small proportion of neurons was
inhibited (68 of 323, 21%; Fig. 5B). In contrast, once the

Figure 2. RMTg is innervated predominantly by the lateral parts of the intermediate layer of the contralateral SC. A, Exemplary image of FluoroGreen injection site within the RMTg. The or-
ange dashed line indicates the RMTg boundaries based on the anti-FoxP1 immunostaining. B, Reconstruction of the FluoroGreen spread at the sites of injections performed in all rats (n= 5).
Darker color indicates the overlap of injection across rats. The orange dashed line indicates the RMTg boundaries based on the anti-FoxP1 immunostaining. C, Top, Exemplary
image showing retrogradely filled SC neurons after the unilateral injection of FluoroGreen into the RMTg. Middle, Reconstruction of position of retrogradely filled SC neurons
observed in all rats (n = 5). Green squares, superficial layers; red circles, intermediate layers; blue triangles, deep layers. Bottom, Density plot showing all retrogradely filled
SC neurons. D, Scheme of the experiment. RMTg was unilaterally injected with FluoroGreen, and after 1 week SC was inspected in search of retrogradely labeled neurons. E,
Average count of FluoroGreen-positive neurons in both contralateral and ipsilateral SC with regard to SC layers and laterality. F, Distribution of FluoroGreen-positive neurons
in mediolateral axis with regard to both SC layers and laterality. G, Distribution of FluoroGreen-positive neurons in anteroposterior axis with regard to both SC layers and lat-
erality. pp, 0.05, ppp, 0.01, pppp, 0.001, ppppp, 0.0001. ns, Nonsignificant.
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ipsilateral SC stimulation was performed, the number of inhib-
ited neurons nearly doubled (120 of 323, 37.2%; Fig. 5B), the
number of excited neurons clearly decreased (114 of 323, 35.3%;
Fig. 5B), and the proportion of unresponsive neurons did not
change (89 of 323, 27.5%; Fig. 5B). The distribution of RMTg
neuron response types was clearly different between contralateral
and ipsilateral SC stimulations (Fig. 5B; x2

(2) = 28.23,
p, 0.0001). At the population level, contralateral SC stimulation
elevated the activity of RMTg neurons (median, 112% of baseline
activity; first to third quartile, 94.11–173.7%; Fig. 5B; one-sample
Wilcoxon signed-rank test, theoretical median: 100%; n=323;
p, 0.0001); however, the ipsilateral stimulation caused no effect
(median, 100.2% of baseline activity; first to third quartile, 79.12–
122.5%; Fig. 5B; one-sample Wilcoxon signed-rank test, theoreti-
cal median: 100%; n= 323; p= 0.53). The average increase of
RMTg neuron firing caused by the stimulation of contralateral
SC was 4.126 0.53Hz (one-sample Wilcoxon signed-rank test,
theoretical median: 0 Hz; n = 323; p, 0.0001). In contrast,
the stimulation of the ipsilateral SC did not change the activ-
ity of the RMTg neuron population (0.496 0.33 Hz; one-
sample Wilcoxon signed-rank test, theoretical median: 0 Hz;
n = 323; p = 0.72). The overall firing rate of RMTg has
changed only when the contralateral SC was stimulated (Fig.
5C; baseline before contralateral stimulation, 17.18 6
0.97 Hz; baseline before ipsilateral stimulation, 16.74 6
0.96 Hz; contralateral stimulation, 21.306 1.06 Hz; ipsilat-
eral stimulation, 17.236 0.99 Hz; Friedman test, n = 323;
Friedman statistic: 50.94, p, 0.0001; followed by Dunn’s
post hoc test: baseline before contralateral stimulation vs
contralateral stimulation, p, 0.0001; contralateral stimula-
tion vs ipsilateral stimulation, p, 0.0001). It is noteworthy
that the inhibitory responses may be more difficult to detect
because the dynamic range for excitation is larger than for
inhibition. Nevertheless, the presented results indicate that
the stimulation of the contralateral SC induces excitation at
the level of the RMTg neuron population, as opposed to no
effect during the stimulation of the ipsilateral SC.

Nevertheless, stimulation of either contralateral or ipsilateral
SC can elicit mixed responses of RMTg neurons. The peristimu-
lus median normalized firing rate and the average change in fre-
quency of firing rate are depicted in Figure 6A, separately for
RMTg neurons that were excited, unresponsive, or inhibited by
stimulation of contralateral or ipsilateral SC. The parameters of
response provided by automated statistical effect detection (for
details, see Data analysis) were compared for both contralateral
and ipsilateral SC stimulation. Stimulation of the contralateral
SC evoked stronger excitation of RMTg neurons compared with
the stimulation of ipsilateral SC (Fig. 6B; change in firing rate af-
ter contralateral SC stimulation, 6.696 0.47Hz; vs ipsilateral SC
stimulation, 4.26 0.34Hz; Mann–Whitney test: number of
RMTg cells that underwent contralateral SC stimulation (nc) =
176, ipsilateral SC stimulation (ni) = 114, U=7198, p, 0.0001).
There was no difference observed between inhibition induced by

Figure 3. Axon terminals from SC are present within the borders of contralateral RMTg.
A, Reconstruction of injection sites of AAV2 containing gene for eYFP into the SC of all five
rats. Darker color indicates the overlap of injections across rats. B, Top, Exemplary image of

/

the brain of the rat showing eYFP-expressing axons descending from SC. The orange dashed
line indicates the RMTg boundaries based on the anti-FoxP1 immunostaining. Middle,
Example of images taken from the anterior RMTg part on both contralateral (left) and ipsilat-
eral (right) side where SC-originating axons are visible. Bottom, Example of binarized axons
within the RMTg. C, Quantification of binarized SC-originating axons in both contralateral
and ipsilateral RMTg at different AP levels. ppppp, 0.0001. ns, Nonsignificant.
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contralateral and ipsilateral SC stimulation (Fig. 6C; change in
firing rate after contralateral SC stimulation, �4.476 0.43Hz; vs
ipsilateral SC stimulation, �4.036 0.31Hz; Mann–Whitney test:
nc = 68, ni = 120, U= 3757, p= 0.37). There was also no stimula-
tion side-related difference in the duration of excitation (Fig. 6B;
contralateral SC stimulation, 2786 29ms; vs ipsilateral SC stimu-
lation, 2896 33ms; Mann–Whitney test: nc = 176, ni = 114,
U=9348, p=0.33) or inhibition (Fig. 6C; contralateral SC stimula-
tion, 2536 23ms; vs ipsilateral SC stimulation, 2876 28ms;
Mann–Whitney test: nc = 68, ni = 120, U=4043, p=0.92) of
RMTg neurons. The latency to peak effect was slightly shorter for
contralateral than for ipsilateral SC stimulation in cases of excita-
tion (Fig. 6B; contralateral SC stimulation, 586 4ms; vs ipsilateral
SC stimulation, 666 4ms; Mann–Whitney test: nc = 176, ni =
114, U=8208, p=0.009), but not in cases of inhibition (Fig. 6C;
contralateral SC stimulation, 986 7ms; vs ipsilateral SC stimula-
tion, 916 7ms; Mann–Whitney test: nc = 68, ni = 120, U=3471,
p=0.09).

Neurons were then divided into groups based on their reac-
tion to both contralateral and ipsilateral SC stimulation. Most
RMTg neurons were excited, no matter which side of the brain
the SC stimulation was on (83 of 323 neurons, 25.7%; Fig. 6D).
The second most numerous group of RMTg neurons comprised
those that elevated their activity on contralateral SC stimulation
and decreased their activity on ipsilateral SC stimulation (58 of
323 neurons, 18%; Fig. 6D). The second least numerous group of
RMTg neurons comprised those inhibited by contralateral SC
stimulation and excited by ipsilateral SC stimulation (15 of 323
neurons, 4.6%; Fig. 6D). The change in firing rate during the
optogenetic stimulation period (first 100ms from the stimulation
onset) was assessed for all of the groups (divided according to
reaction types to both contralateral and ipsilateral SC stimula-
tion) and further analyzed (Fig. 6E). It turned out that the
strongest excitation was observed in the group of RMTg neurons
excited by contralateral and inhibited by ipsilateral SC
stimulation.

Figure 4. RMTg neurons monosynaptically innervated by the contralateral SC project to the midbrain dopaminergic system. A, Exemplary brain image showing the site of unilateral injection
of anterograde transsynaptic AAV (AAV1-hSyn-Cre-hGH) containing the gene for Cre recombinase into the SC. Immunohistochemical staining was performed to visualize Cre-recombinase (Alexa
Fluor 647; yellow color). B, Transsynaptically labeled Cre-positive neurons within RMTg. The orange dashed line indicates the RMTg boundaries based on the anti-FoxP1 immuno-
staining. C, Representative image of RMTg after the follow-up injection of AAV (AAV2-EF1a-DIO-mCherry) carrying Cre-dependent gene for fluorescent protein (mCherry; red
color). The orange dashed line indicates the RMTg boundaries based on the anti-FoxP1 immunostaining. D, Top, Representative image of VTA and SNc after the injections of an-
terograde transsynaptic AAV (containing Cre recombinase gene) into the SC and AAV with Cre-dependent gene for mCherry into the contralateral (right in this case) RMTg.
Immunohistochemical staining was performed to visualize TH-positive neurons (Alexa Fluor 488; green color). Bottom panels, Magnified regions of VTA and SNc with mCherry-
expressing axons originating in the RMTg neurons innervated by the contralateral SC. E, Top, Exemplary image of binarized mCherry-positive axons within the VTA and SNc used
for area fraction calculation. Bottom, Mediolateral distribution of normalized area fraction of mCherry-expressing axons originating from the RMTg neurons innervated by the
contralateral SC. pp, 0.05, ppp, 0.01, pppp, 0.001, ppppp, 0.0001.
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Spatial distribution of RMTg neurons excited, inhibited, or
unresponsive to the optogenetic stimulation of the
contralateral and ipsilateral SC
The localization of all the recorded neurons, with color-coded
type of response to SC stimulation, is shown in Figure 7. An
example of DiI dye trace left by the MEA in the RMTg, as well as
the eYFP expression in the SC and DiI dye traces left by the opti-
cal fibers implanted above the SC, is shown in Figure 7B. Spatial
distribution of recorded RMTg neurons is depicted in either AP
versus DV or ML versus DV axes (Fig. 7C). It was observed that
spatial distribution of neurons that were excited, unresponsive, or
inhibited by either contralateral or ipsilateral SC stimulation dif-
fers (contralateral SC stimulation: Pillai’s trace= 0.11, F(6,638) =
6.1, p, 0.0001, MANOVA; ipsilateral SC stimulation: Pillai’s
trace= 0.14, F(6,638) = 7.7, p, 0.0001, MANOVA). Additionally,
the distribution of observed response types (i.e., excitation, inhibi-
tion, no response) to SC stimulation significantly depended on
the location of recorded RMTg neurons along the AP and ML
axes (contralateral SC stimulation, AP axis: x 2

(16) = 47.03,
p, 0.0001; ML axis: x 2

(10) = 25.67, p=0.004; ipsilateral SC stim-
ulation, AP axis: x 2

(16) = 48.71, p, 0.0001; ML axis: x 2
(10) =

30.29, df = 10, p=0.0006; x 2 test), but not along the DV axis

(contralateral SC stimulation, DV axis: x 2
(14) = 10.42, p=0.7; ip-

silateral SC stimulation, DV axis: x 2
(14) = 22.62, p=0.07; x 2 test).

Therefore, we conducted detailed correlation tests to determine
the relationship between particular response types and spatial dis-
tribution in each axis. The probability of finding the RMTg neu-
rons that are excited by the contralateral SC stimulation is highest
in the caudal part of the structure (Fig. 7A,a,d; Kendall's tau-b
correlation coefficient (tb) = �0.72, p = 0.0059, Kendall's correla-
tion). In contrast, in the caudal RMTg it was more likely to find
neurons inhibited by the stimulation of the ipsilateral SC (Fig.
7D,a,d; tb = �0.78, p=0.0028, Kendall’s correlation). For both
contralateral and ipsilateral SC stimulation, the probability of
encountering an unresponsive RMTg neuron decreased as the re-
cording position was more caudal [contralateral SC stimulation
(Fig. 7A,a,d): tb = 0.61, p=0.025, Kendall’s correlation; ipsilateral
SC stimulation (Fig. 7D,a,d): tb = 0.56, p=0.047, Kendall’s corre-
lation]. Accordingly, the probability of finding a neuron that was
inhibited by contralateral SC stimulation or excited by ipsilateral
SC stimulation was uniformly distributed in the anteroposterior
axis [contralateral SC stimulation (Fig. 7A,a,d) tb = �0.27,
p=0.36, Kendall’s correlation; ipsilateral SC stimulation (Fig. 7D,
a,d): tb = 0, p=1, Kendall’s correlation]. In the mediolateral axis,

Figure 5. RMTg, at the population level, is excited by stimulation of the contralateral SC. A, Scheme of the experiment. Bilateral SC injection of AAV-carrying genes for ChR2 and eYFP was
performed. At least 2 weeks after the viral injections, the electrophysiological recordings of RMTg using a silicon probe were conducted while either contralateral or ipsilateral SC was optoge-
netically stimulated. B, Top panels, Pie charts showing the proportions of responses (excitation, no effect, inhibition) of RMTg neurons elicited by optogenetic stimulation of either contralateral
or ipsilateral SC. Middle panels, Peristimulus heatmaps showing the reactions of all recorded RMTg neurons (n= 323) to optogenetic stimulation of the contralateral or ipsilateral SC (responses,
shown in rows, are sorted by the amplitude of the response during the stimulation). Bottom panels, Peristimulus median firing rate (normalized to baseline; interquartile range marked with
gray color) and peristimulus mean change in firing rate (6SEM marked with gray color) of all recorded RMTg neurons during the stimulation of either contralateral or ipsilateral SC. Blue verti-
cal bar indicates stimulation time (473 nm, 100 ms,,20 mW). C, Firing rate (6SEM) of all recorded RMTg neurons during baseline and during optogenetic stimulation of contralateral or ipsi-
lateral SC. ppppp, 0.0001. ns, Nonsignificant.
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Figure 6. The comparison of the responses of RMTg neurons to optogenetic stimulation of either contralateral or ipsilateral SC. A, Peristimulus median firing rate (normalized to baseline;
interquartile range marked with gray color) and peristimulus mean change in firing rate (6SEM marked with gray color) of RMTg neurons that were either excited or inhibited or did not
respond to the stimulation of contralateral (top) or ipsilateral (bottom) SC. The stimulation time is marked with a blue vertical bar (473 nm, 100 ms,,20 mW). B, Parameters of responses of
RMTg neurons that were excited by the stimulation of contralateral or ipsilateral SC. Left, Change in firing rate (6SEM). Middle, Duration of the excitatory response (6SEM). Right, Latency to
maximum of the response. C, Parameters of responses of all RMTg neurons that were inhibited by the stimulation of contralateral or ipsilateral SC. Left, Change in firing rate (6SEM). Middle,
Duration of the inhibitory response (6SEM). Right, Latency to minimum of the response (6SEM). D, Pie chart showing the proportions of RMTg neurons grouped based on combination of
response types to the stimulation of both contralateral and ipsilateral SC. E, Change in firing rate (6SEM) of RMTg neurons grouped based on their response (E, excitation; N, no effect; I, inhi-
bition) to the stimulation of contralateral (black solid bars) and ipsilateral (gray solid bars) SC. ppp, 0.01, ppppp, 0.0001. ns, Nonsignificant.
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Figure 7. Spatial distribution of RMTg neurons excited, inhibited, or unresponsive to the optogenetic stimulation of the contralateral and ipsilateral SC. A, d, e, Spatial distribution of the
responses of RMTg neurons to stimulation of the contralateral SC, in the DV, the AP, and the ML axes. The number of neurons and the probability of encountering a neuron with a given
response type, as well as the proportion of response types in the AP, ML, and DV axes, are shown in a–c, respectively. B, Exemplary images showing the position of the silicon probe shanks
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the probability of finding neurons excited by contralateral SC
stimulation or inhibited by ipsilateral SC stimulation increased
with increasing laterality [contralateral SC stimulation (Fig. 7A,b,
e): tb = 0.86, p=0.017, Kendall’s correlation; ipsilateral SC stimu-
lation (Fig. 7D,b,e): tb = 0.86, p=0.017, Kendall’s correlation].
This tendency can be attributed to the fact that the caudal parts of
RMTg are also more lateral in the brain. Accordingly, the number
of unresponsive neurons grew medially in the case of contralat-
eral SC stimulation (Fig. 7A,b,e; tb = �0.87, p=0.017, Kendall’s
correlation), but not in the case of ipsilateral SC stimulation (Fig.
7D,b,e; tb = �0.6, p=0.14, Kendall’s correlation). No mediolat-
eral distribution trend was observed when it comes to neurons
inhibited by the contralateral SC stimulation or excited by the ip-
silateral SC stimulation [contralateral SC stimulation (Fig. 7A,b,
e): tb = �0.2, p=0.72, Kendall’s correlation; ipsilateral SC stimu-
lation (Fig. 7D,b,e): tb = �0.47, p=0.27, Kendall’s correlation].
On the other hand, RMTg neurons excited, inhibited, and non-
responsive to the contralateral SC stimulation were evenly distrib-
uted in the dorsoventral axis (Fig. 7A,c–e; excited: tb = 0.14,
p=0.72, Kendall’s correlation; inhibited: tb = 0.18, p=0.63,
Kendall’s correlation; nonresponsive: tb = �0.5, p=0.11,
Kendall’s correlation). However, in the case of ipsilateral SC stim-
ulation, more inhibited neurons were observed dorsally (Fig. 7D,
c–e; tb = 0.71, p=0.014, Kendall’s correlation) and less excited
neurons were observed ventrally (Fig. 7;D,c–e tb = �0.61,
p=0.042, Kendall’s correlation), but no correlation was seen in
the case of unresponsive cells (Fig. 7D,c–e; tb = �0.33, p=0.33,
Kendall’s correlation). Again, this tendency can be explained by
the fact that the position of the caudal parts of RMTg is more dor-
sal in the brain.

Stimulation of RMTg neurons innervated by the
contralateral SC inhibit VTA and SNc dopaminergic neurons
To gain optogenetic control over the RMTg neurons that are
monosynaptically innervated by the contralateral superior colli-
culus, rats underwent unilateral injections of transsynaptic viral
vector AAV1-hSyn-Cre-hGH into the SC, and of AAV2-EF1a-
DIO-ChR2(H134R)-mCherry into the contralateral RMTg. The
dependence of the expression of channelrhodopsin-2 fused with
mCherry on the presence of Cre recombinase in cell bodies
was confirmed by the lack of a reporter protein in RMTg of ani-
mals that were injected only with the AAV2-EF1a-DIO-ChR2
(H134R)-mCherry viral vector (no injection of AAV1-hSyn-Cre-
hGH was made; data not shown). The activity of 31 DA-like neu-
rons (from three rats) was extracellularly recorded within the
borders of VTA and SNc, while ipsilateral RMTg cells, monosy-
naptically innervated by the contralateral SC, were optogeneti-
cally stimulated (Fig. 8A, scheme of the experiment, D, location
of recorded neurons). Either 40Hz stimulation (5ms laser light
pulses) over 1 s or a single 100ms pulse stimulation was used.
The 40Hz stimulation was repeated every 10 s and a 100ms
pulse every 6 s (minimum, 19 stimulations per neuron; mean

stimulation count 6 SD, 68.26 24.7). Stimulation of the RMTg
neurons with 40Hz protocol inhibited almost all DA-like neu-
rons (26 of 27, 96.30%, Fig. 8E). The inhibition during the time
of the optogenetic stimulation was strong (Fig. 8B,F; baseline,
4.296 0.27Hz; during stimulation, 2.546 0.28Hz; t= 7.26,
df = 26, p, 0.0001, paired t test). In most cases, the RMTg stim-
ulation-induced inhibition was followed by a significant rebound
excitation (Fig. 8B,F; F(3.02,78.4) = 43.06, p, 0.0001, repeated-
measures ANOVA, followed by Dunnett’s post hoc test).
Similarly, 100ms laser light pulses delivered to RMTg strongly
inhibited most of the recorded DA-like neurons (27 of 29,
93.10%; Fig. 8G), while only one neuron was unresponsive and
one was excited. Observed strong inhibition often outlasted the
stimulation and was followed by rebound excitation (Fig. 8C,H;
baseline, 4.396 0.36Hz; during stimulation, 1.426 0.18Hz;
F(3.41,95.55) = 17.79, p, 0.0001, repeated-measures ANOVA, fol-
lowed by Dunnett’s post hoc test). No difference in the strength
of RMTg stimulation-induced inhibition was observed in the
inhibited neurons between VTA and SNc DA-like neurons, both
in the case of 5ms at 40Hz stimulation (Fig. 8I, left; VTA,
�61.746 3.56%; SNc, �62.026 6.61%; nVTA = 19, nSNc = 7,
t= 0.04, df = 24, p= 0.97, unpaired t test) and 100ms single-pulse
stimulation (Fig. 8J, left; VTA, �66.476 3.23%; SNc,
�74.426 5.76%; nVTA = 21, nSNc = 6, t= 1.17, df = 25, p= 0.25,
unpaired t test). Nevertheless, the change in activity in cases of
both VTA and SNc was strong (Fig. 8I, left; VTA40Hz:
�61.746 3.56%, t=17.37, df = 18, p, 0.0001; SNc40Hz: �62.026
6.61%, t=9.38, df = 6, p, 0.0001; VTA100ms: �66.476 3.23%,
t=20.6, df = 20, p, 0.0001; SNc100ms: �74.426 5.76%, t=12.93,
df = 5, p, 0.0001; one-sample t tests; theoretical mean, 0%).
Additionally, no difference in the duration of inhibition of DA-
like neurons in the VTA and SNc was observed, either in cases of
5ms at 40Hz stimulation (Fig. 8I, middle; VTA, 530.96 82.8ms;
SNc, 520.46 154.6ms; U=53, p=0.44, Mann–Whitney test) or
100ms single-pulse stimulation (Fig. 8J, middle; VTA, 200.66
15.7ms; SNc, 211.06 36.6ms; t=0.30, df = 25, p=0.77, unpaired t
test). Similarly, the latency to minimum activity did not differ
between VTA and SNc neurons both in cases of 5ms at 40Hz
stimulation (Fig. 8I, right; VTA, 146.36 42.7ms; SNc,
74.96 8.5ms; U=39, p=0.12, Mann–Whitney test) and 100ms
single-pulse stimulation (Fig. 8J, right; VTA, 88.26 9.6ms; SNc,
76.26 9.7ms; U=57, p=0.74, Mann–Whitney test). Together,
these results clearly show that RMTg neurons, which are inner-
vated by the contralateral SC, can strongly inhibit the activity of
DA-like neurons located in ipsilateral VTA and SNc.

Stimulation of contralateral SC-originating axon terminals
within the RMTg inhibits firing of the subset of DA-like
VTA and SNc neurons
This subset of experiments used rats that underwent unilateral
injection of AAV2-hSyn-ChR2(H134R)-eYFP into the SC. The
activity of 64 DA-like neurons was recorded in the VTA and SNc
from four rats (Fig. 9B, localization of the recorded neurons).
During the recordings, channelrhodopsin-2-expressing axon ter-
minals descending from the contralateral SC were stimulated
within the borders of the RMTg ipsilaterally to the recorded DA-
like neurons (Fig. 9A, scheme of the experiment) using 5ms laser
light pulses applied at 40Hz for 1 s, repeated at least 15 times ev-
ery 10 s (mean stimulation train count per recorded neuron 6
SD, 89.46 31.1). At the level of the whole population of recorded
DA-like neurons, a small yet significant decrease of the electrical
activity was observed during the stimulation (Fig. 9C,D; baseline,
4.386 0.22Hz; during stimulation, 4.26 0.25Hz; t=2.05, df =

/

(DiI dye traces; red color) within the RMTg, and optical fibers placement (DiI dye traces; red
color) above the ChR2-eYFP-expressing (green color) region of SC. The orange dashed line
indicates the RMTg boundaries based on the anti-FoxP1 immunostaining. C, Diagram of the
brain, in both sagittal (left) and coronal (right) planes, with the area of RMTg used in the
spatial distribution analysis, outlined. D, d, e, Spatial distribution of the responses of RMTg
neurons to stimulation of the ipsilateral SC, in the DV, the AP, and the ML axes. The number
of neurons and the probability of encountering a neuron with a given response type, as well
as the proportion response types in the AP, ML, and DV axes, are shown in a–c, respectively.
pp, 0.05, ppp, 0.01.
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63, p=0.045, paired t test). The stimulation of SC-originating
axon terminals within the RMTg-induced inhibitory responses
in 20.31% of all the recorded DA-like neurons (13 of 64; Fig. 9E)
and excited only a small proportion of recorded neurons (6.25%,
4 of 64; Fig. 9E). The majority of the cells, however, were unre-
sponsive to the stimulation (73.44%, 47 of 64; Fig. 9E). The

proportion of response types was similar across VTA and SNc
(Fig. 9E; x 2

(2) = 1.25, p=0.54). Analysis of only those DA-like
neurons whose activity was inhibited by the stimulation (Fig. 9F,
G; baseline, 3.266 0.43Hz; during stimulation, 2.016 0.40Hz;
p= 0.0002, Wilcoxon matched-pairs signed-rank test) showed
that their response was delayed and increased gradually during

Figure 8. Stimulation of RMTg neurons innervated by the contralateral SC inhibit DA-like neurons in the VTA and SNc. A, Scheme of the experiment. SC was unilaterally injected with the
transsynaptic viral vector (AAV1-hSyn-Cre-hGH) carrying the gene for Cre recombinase and contralateral RMTg was injected with AAV2-EF1a-DIO-ChR2(H134R)-mCherry carrying Cre-dependent
genes for ChR2 and mCherry fluorescent protein. At least 2 weeks later, extracellular recordings of the activity of midbrain DA-like neurons was conducted while RMTg neurons, monosynapti-
cally innervated by the contralateral SC, were optogenetically stimulated. The shape of a typical action potential of a DA-like neuron is shown in the inset on the left side. B, C, Top panels,
Heatmaps of peristimulus firing rates (normalized to baseline) showing the responses of all recorded DA-like neurons to RMTg stimulation with trains of laser light pulses (473 nm,,20 mW,
5 ms pulses at 40 Hz over 1 s; B) or single laser light pulses (473 nm, 100 ms,,20 mW; C). Responses of individual neurons are shown in rows and are sorted by the amplitude of the response
during the stimulation time (marked by vertical dashed line). Bottom panels, Peristimulus mean firing rate (normalized to baseline; 6SEM marked with gray color) and peristimulus mean
change in firing rate (6SEM marked with gray color). The stimulation time is marked with a blue vertical bar. D, Localization of all recorded DA-like neurons with color-coded type of response
to the optogenetic stimulation of RMTg neurons monosynaptically innervated by the contralateral SC. E, G, Pie charts showing the proportions of response types (inhibition, no effect, excitation)
of VTA (marked by green outer ring) and SNc (marked by purple outer ring) DA-like neurons elicited by train (5ms at 40 Hz; E) or single-pulse (100 ms; G) optogenetic stimulation of RMTg
neurons innervated by the contralateral SC. F, H, Mean firing rates before, during, and after the train (5ms at 40 Hz; F) or single-pulse (100ms; H) optogenetic stimulation of RMTg neurons in-
nervated by the contralateral SC (100 ms bins). I, J, From left to right: percentage change in firing rate, duration, and latency to the minimum of the response of DA-like neurons both in VTA
(green bars) and SNc (purple bars) caused by train (5 ms at 40 Hz; I) or single-pulse (100 ms; J) optogenetic stimulation of RMTg neurons innervated by the contralateral SC. pp, 0.05,
ppp, 0.01, pppp, 0.001, ppppp, 0.0001. ns, Nonsignificant.
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the first 300ms of stimulation, and no rebound excitation was
observed after its termination (Fig. 9G; F(4.05,48.57) = 9.76,
p, 0.0001, repeated-measures ANOVA, followed by Dunnett’s
post hoc test). These results clearly show that excitation of the
contralateral SC-originating axon terminals within the RMTg
can activate, plausibly GABAergic, output of this structure,
which in turn inhibits a subset of the midbrain DA-like neurons.

Discussion
The presented results show anatomically and electrophysiologi-
cally that RMTg is a relay between the SC and midbrain dopami-
nergic system. Using different tract-tracing methods, we have
revealed that RMTg neurons are monosynaptically innervated
predominantly by the lateral intermediate layer of the contralat-
eral SC. This anatomic asymmetry of innervation was reflected
in the observed increase in RMTg neuronal population activity

in response to optogenetic stimulation of contralateral but not
ipsilateral SC. Furthermore, we have shown that activating ele-
ments of the neuronal pathway connecting SC with contralateral
RMTg has an inhibitory impact on midbrain dopaminergic neu-
rons. Together, it appears that SC can inhibit the contralateral
dopaminergic system using an indirect pathway via contralateral
RMTg.

Dopaminergic system integrates a wide range of information,
including that from various sensory modalities. Resulting activity
of dopaminergic neurons influences the behavior of animals, in
particular the orienting and approach toward external stimuli.
SC is one of the dominant sources of low-processed sensorial in-
formation (predominantly visual) reaching the midbrain dopa-
minergic system, as described in the Introduction. Previous
studies have focused mainly on the innervation from the ipsilat-
eral SC to dopaminergic neurons, sometimes using the presenta-
tion of stimuli in the receptive field contralateral to the examined

Figure 9. Stimulation of contralateral SC-originating axon terminals within the RMTg inhibits firing of the subset of DA-like VTA and SNc neurons. A, Scheme of the experiment. SC was uni-
laterally injected with viral vector (AAV2-hSyn-ChR2-eYFP) carrying ChR2 and eYFP genes. At least 2 weeks later, extracellular recordings of the activity of the midbrain DA-like neurons were
conducted while axon terminals descending from the contralateral SC were optogenetically stimulated in the RMTg. The shape of a typical action potential of a DA-like neuron is shown on the
inset on the left side. B, Localization of all recorded DA-like neurons with color-coded type of response to the optogenetic stimulation of SC-originating axon terminals within the RMTg. C, Top,
Heatmap of peristimulus normalized firing rates showing the response of all recorded DA-like neurons to the stimulation (5 ms at 40 Hz over 1 s) of the contralateral SC-originating axon termi-
nals in the RMTg. Responses of individual neurons are shown in rows and are sorted by the amplitude of the response during the stimulation time (marked by vertical dashed lines). Bottom,
Peristimulus mean normalized firing rate (6SEM marked with gray color) and peristimulus mean change in firing rate (6SEM marked with gray color). The stimulation time is marked with a
blue vertical bar (473 nm,,20 mW, 5 ms pulses at 40 Hz over 1 s). D, Mean firing rate of all recorded DA-like neurons before and during the stimulation. E, Pie chart showing the proportion
of responses (no effect, inhibition, excitation) of VTA (marked by green outer ring) and SNc (marked by purple outer ring) DA-like neurons elicited by the optogenetic stimulation of the contra-
lateral SC-originating axons within the RMTg. F, Top, Heatmap of peristimulus normalized firing rates showing the response of DA-like neurons that were inhibited by the stimulation of contra-
lateral SC-originating axon terminals in the RMTg. Responses of individual neurons are shown in rows and are sorted by the amplitude of the response during the stimulation time (marked by
vertical dashed lines). Bottom, Peristimulus mean normalized firing rate (6SEM marked with gray color) and peristimulus mean change in firing rate (6SEM marked with gray color). The
stimulation time is marked with a blue vertical bar (473 nm,,20 mW, 5 ms pulses at 40 Hz over 1 s). G, Mean firing rate of inhibited only DA-like neurons before, during, and after the opto-
genetic stimulation of the contralateral SC-originating axons within the RMTg (100ms bins). pp, 0.05, ppp, 0.01, pppp, 0.001. ns, Nonsignificant.

Pradel et al. · SC Controls the RMTg in an Asymmetrical Manner J. Neurosci., May 5, 2021 • 41(18):4006–4022 • 4019



DA neurons (which activates contralateral SC). However, with
the discovery that RMTg is a source of strong inhibitory input to
dopaminergic neurons (Jhou et al., 2009a; Bourdy and Barrot,
2012), the reports that this tegmental area might be innervated
by contralateral SC (Kaufling et al., 2009; Jhou et al., 2009b;
Yetnikoff et al., 2015) gained importance, allowing us to
hypothesize that SC might drive DA neurons on both sides of
the brain in the opposite direction.

Indeed, our tract-tracing experiments confirmed previous
anatomic observations about neuronal projection from SC to
contralateral RMTg and further described this connection in
detail. Anterograde tracing revealed that axon terminals de-
scending from SC are present within the borders of contralateral,
but not ipsilateral, RMTg. These results were further corrobo-
rated by the retrograde tracing experiments, which additionally
revealed that this neuronal pathway predominantly originates
from the deeper SC layers, with emphasis on lateral parts of the
intermediate layer of the contralateral SC. Moreover, transsynap-
tic tracing experiments showed that this connection is monosy-
naptic, excluding the possibility that SC-originating axons
present in the contralateral RMTg (anterograde experiments) are
just passing axons of the predorsal bundle. Nevertheless, the
course and origin of the described neuronal pathway connecting
SC with contralateral RMTg is similar to that of the predorsal
bundle, which raises the possibility that observed neuronal fibers
are collaterals of the tectospinal tract (Redgrave et al., 1986).
Additionally, transsynaptic tracing experiments revealed that the
subset of RMTg neurons innervated by the contralateral RMTg
innervate midbrain dopaminergic system, with the emphasis on
medial SNc and lateral VTA. It is hypothesized that this part of
the dopaminergic system preferentially contains neurons that
code motivational value (Bromberg-Martin et al., 2010).
Nevertheless, a high density of RMTg axons was also present in
other parts of the dopaminergic system, especially the lateral
SNc, which is hypothesized to contain mainly neurons coding
motivational salience. However, this intriguing issue is beyond
the scope of this study. Nonetheless, we also found that SC pref-
erentially innervates caudal RMTg, which is thought to innervate
SNc (Smith et al., 2019). Together, this suggests that the output
of RMTg neurons innervated by the contralateral SC may be
slightly biased toward SNc.

Our results have also shown that unilateral activation of SC
excites contralateral RMTg neurons at the level of neuronal pop-
ulation, leaving the activity of ipsilateral RMTg unchanged.
Nevertheless, at the level of single neurons, mixed responses
could be observed. Although, in cases of excited neurons, contra-
lateral stimulation caused a stronger and faster response than ip-
silateral stimulation. Finally, we have shown that both activating
RMTg neurons that are monosynaptically innervated by the con-
tralateral SC and activating contralateral SC-originating axons
within the RMTg inhibit DA-like neurons in the VTA and SNc.
It is noteworthy that direct activation of RMTg neurons inner-
vated by the contralateral SC evoked stronger and more consist-
ent reaction of midbrain DA-like neurons than did the
stimulation of contralateral SC-originating axons in the RMTg.
The difference may result from the fact that in the latter case the
signal must travel through an extra synapse (SC!RMTg), thus
relying its transmission on the responsiveness of the postsynaptic
cell, which may be additionally lowered by anesthesia (Daló and
Hackman, 2013).

As previous studies have described, the SC can increase the
activity of dopaminergic neurons on the ipsilateral side of the
brain. Our results showed that SC can also inhibit dopaminergic

neurons on the contralateral side of the brain, via RMTg. Since
SC receives visual information from the contralateral visual
hemifield, a potentially salient and/or rewarding stimulus
appearing on one body side may increase the activity of the con-
tralateral dopaminergic neurons (directly), at the same time in-
hibiting the activity of dopaminergic neurons located
ipsilaterally to the stimulus (via RMTg). Such a neuronal mecha-
nism may underlie the recently described phenomenon, namely
that dopaminergic neurons are not only excited by the contralat-
eral rather than the ipsilateral sensory cues, but that there is also
a small, yet visible, tendency of DA neurons to decrease their ac-
tivity when an ipsilateral cue is presented (Engelhard et al.,
2019). The proposed brain wiring may have behavioral conse-
quences, since the direction of the movement animals is a mani-
festation of the difference in the activity of the left and right
dopaminergic systems (Molochnikov and Cohen, 2014). The
preferred side to which rats rotate or choose to move is contralat-
eral to the hemisphere with higher striatal dopamine concentra-
tion (Zimmerberg et al., 1974; Glick et al., 1988). Also, dopamine
injected unilaterally into the dorsal striatum biases the move-
ments of rats toward the contralateral side (Joyce et al., 1981),
and unilateral lesioning of dopaminergic neurons induces ipsi-
versive rotations (Arbuthnott and Crow, 1971; Iwamoto et al.,
1976). Such rotations become even more frequent after ampheta-
mine-induced dopamine elevation, since it happens only in the
intact hemisphere. Accordingly, unilateral disinhibition of the
dopaminergic system by RMTg lesion leads to contraversive
body rotations (Bourdy et al., 2014; Barrot et al., 2016; Faivre et
al., 2020). The basis for these phenomena is high lateralization of
the dopaminergic system (i.e., the vast majority of dopaminergic
fibers innervate ipsilaterally located striatum; Molochnikov and
Cohen, 2014).

Each SC plays a key role in controlling eye, head, limb, and
body movements in a direction contralateral to its location
(Gandhi and Katnani, 2011; Villalobos and Basso, 2020). The in-
termediate SC layer, where we have found the most neurons
innervating contralateral RMTg, plays a key role in motor guid-
ance. Moreover, this layer has been shown to contain the most
neurons innervating ipsilateral SNc and VTA (Comoli et al.,
2003; Coizet et al., 2007; May et al., 2009; Yetnikoff et al., 2015).
The fact that we have observed most RMTg-innervating SC
neurons in the lateral SC is consistent with the fact that lateral
SC receives information from the lower visual field and promotes
contralateral approach behavior (e.g., foraging), as opposed
to medial SC parts, which receive information from the upper
visual field and promote avoidance or freezing (defense-
like response; Sahibzada et al., 1986; Comoli et al., 2012).
Accordingly, VTA DA neurons encourage approach toward im-
portant stimuli and rewards, and SNc DA neurons promote
increased vigor and movement (Adamantidis et al., 2011;
Saunders et al., 2018). Moreover, it was shown that a predator-
like upper visual stimulus causes the activation of these SC neu-
rons that preferentially innervate VTA GABA and not DA neu-
rons, and that such connection promotes escape and not
approach behavior (Zhou et al., 2019). Recently, another intrigu-
ing observation has been made: that preference of the reaction of
DA neurons to contralateral sensory cues develops in the later
training phases (Engelhard et al., 2019). It can be assumed that at
the beginning of training, the animal actively scans the environ-
ment for possible patterns, receiving numerous stimuli of similar
value, which would be reflected by disordered SC responses and
thus similarly disordered responses of DA neurons. However,
once the animal is trained, it orients toward the particular
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significant environmental cue, which could translate into a more
stable pattern of activity in the circuits, both directly and indi-
rectly via RMTg, connecting the SC with the dopaminergic sys-
tem. This, in turn, can make the behavioral reaction of the
animal quick and precisely directed.

In conclusion, the elevated SC activity may cause opposing
effects in dopaminergic neurons located on both sides of the
brain. Unilaterally activated SC (e.g., by lateralized sensory stim-
ulus) can increase the firing of DA neurons located ipsilaterally,
thereby promoting contralateral movement. Simultaneously, the
same SC can inhibit the firing of contralateral DA neurons via
increased activity of contralateral RMTg, therefore promoting ip-
silateral, in relation to inhibited DA neurons, movement (Fig. 1).
Since SC receives sensory information from the contralateral
body side, both mechanisms would promote movement toward
the side where sensory information appeared. Importantly, both
processes, by increasing the disproportion of striatal dopamine
release between hemispheres, are functionally synergistic and
may efficiently elicit directed movement. Thus, the discussed
brain wiring can serve as a potential mechanism contributing to
behavioral lateralization dependent on the direction of incoming
sensory information.
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