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Abstract
In vivo studies have demonstrated that the superior colliculus (SC) integrates sensory information
and plays a role in controlling orienting motor output. However, how the complex microcircuitry
within the SC, as documented by slice studies, subserves these functions is unclear. Optogenetics
affords the potential to examine, in behaving animals, the functional roles of specific neuron types
that comprise heterogeneous nuclei. As a first step toward understanding how SC microcircuitry
underlies motor output, we applied optogenetics to mice performing an odor discrimination task in
which sensory decisions are reported by either a leftward or rightward SC-dependent orienting
movement. We unilaterally expressed either channelrhodopsin-2 or halorhodopsin in the SC and
delivered light in order to excite or inhibit motor-related SC activity as the movement was
planned. We found that manipulating SC activity predictably affected the direction of the selected
movement in a manner that depended on the difficulty of the odor discrimination. This study
demonstrates that the SC plays a similar role in directional orienting movements in mice as it does
in other species, and provides a framework for future investigations into how specific SC cell
types contribute to motor control.
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1. Introduction1

Sensorimotor decision making is mediated by an interconnected network of cortical and
subcortical brain regions [1]. A critical hub for the integration of sensory information and
the control of orienting motor output is the superior colliculus, which contains spatially
registered sensory and motor representations in its superficial and deeper layers, respectively
[2–6]. Electrophysiological recording and manipulation of neural activity in behaving
animals, across a range of species, have revealed the organization of motor maps: Activity
of neurons in specific regions of the SC corresponds to initiating movement of the eyes,
head, neck, and body in specific directions [2, 7–13], and even to spatially-specific shifts of
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attention without an overt motor component [14, 15]. Indeed, SC activity is also known to
play a role in selecting and planning specific movements [12, 16–19]. In general, SC
stimulation mediates contraversive (i.e., toward the contralateral side) movement [10, 20–
25], although some studies have demonstrated a more complex relationship between
stimulation location and movement direction [24, 26].

Electrophysiological examination of the SC in slices has elucidated the organization of
microcircuits [27–33]. Most importantly, excitatory projection neurons originating in the
intermediate and deep layers are thought to be responsible for initiating contraversive
movements, while local and intercollicular inhibitory neurons, although less numerous, may
play the key role of mediating the interactions between competing motor output plans [32,
34]. However, previous studies have not been able to target excitatory or inhibitory neurons
for recording or manipulation in behaving animals, so the relationship between the
functional microcircuitry described by slice studies and behavioral output remains
speculative.

Optogenetics affords the possibility to interrogate the functional roles of targeted cell types
in vivo [35]. As a first step toward utilizing optogenetics to examine the roles of excitatory
and inhibitory SC neurons in motor control, we trained mice on a task requiring them to
select and implement an SC-dependent leftward or rightward movement. Mice are an ideal
model system for examining the behavioral roles of genetically-defined cell types due to the
relative ease of obtaining specific expression of light-gated proteins [36, 37, 38]. We
focused on whether unilateral optogenetic stimulation of SC neurons, as the mouse planned
its movement, would affect motor output. We hypothesized that, because excitatory
projection neurons are more numerous than inhibitory interneurons, channelrhodopsin-2-
(ChR2-)mediated excitation of one SC would bias the mouse toward contraversive
movement, while the analogous halorhodopsin-(NpHR-)mediated inhibition would bias the
mouse ipsiversively (i.e., toward the ipsilateral side). As described below, our results
support this hypothesis, consistent with previous data in other species demonstrating that the
balance of activity between the two SCs plays a role in selecting and initiating the direction
of motor output [16–19, 39–41]. This study provides a framework for future studies to
utilize optogenetics in the behaving mouse system to examine the functional roles of
excitatory and inhibitory SC neurons in selecting and implementing actions.

2. Material and methods
2.1 Animal subjects

Procedures using animals were approved by the University of Colorado Animal Care and
Use Committee, and were in accordance with standards implemented by the National
Institutes of Health. Data from five C57BL/6 mice (Jackson Laboratories) were included in
this study. Three mice were used in the excitation experiments (Results 3.2), one mouse was
used in the inhibition experiments (Results 3.3), and two mice (one of which was also used
in the excitation experiments) were used in the control experiments (Results 3.4). Mice had
free access to food, but were restricted to 1.5 mL of water per day (per mouse) in order to
sufficiently motivate them to perform the task for a water reward while maintaining them
above 85% of baseline body weight.

2.2 Surgery
Mice were prepared for cannula implantation and injections of viral constructs (Material and
methods 2.5). Anesthesia was induced with 2% isoflurane and maintained between 1% and
1.5% isoflurane throughout the procedure. Depth of anesthesia was monitored by tail- and
toe-pinch responses. Body temperature was maintained using a heating pad. The mouse was
placed in a stereotaxic frame (Kopf Instruments), and a small incision was made in the skin
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with a stainless-steel surgical blade. The skull was cleaned and dried, and a craniotomy was
performed using a dental drill. Viral injections (Material and methods 2.5) were
administered at 250 nl/min with an infusion pump attached via a Hamilton syringe and
tubing to a stainless steel cannula (Plastics One;) [42] and targeted to the intermediate and
deep layers of the SC within the left hemisphere at 4.04 mm posterior to bregma, 1.1 mm
lateral to the midline, and 1.3 mm ventral to the brain surface, an area of the SC consistent
with eliciting contraversive orienting behaviors [24, 43, 44]. A steel guide/dummy cannula
assembly (Plastics One) was targeted to 0.2 mm dorsal to the virus injection and affixed to
the skull using two small screws, luting (3M), and dental acrylic (A-M Systems). Following
surgery, mice were immediately rehydrated with sterile 0.9% saline (1 ml/kg) and
administered the analgesics ketofen (Pfizer) (5 mg/kg) for 3 days and children’s ibuprofen
(50 mg/kg/day) for 7 days following surgery. The incision site was treated with a topical
antibiotic. Mice were allowed to recover for at least 7 days before water restriction and
behavioral training began.

2.3 Delayed-response, odor-cued movement task
Adult mice were trained and tested on a delayed-response version of a two-alternative
movement task in which odor identity was associated with the location of a water reward
[12, 45, 46]. The behavioral apparatus was 24.5 cm long by 20 cm wide by 19 cm tall. Mice
performed the task on a raised platform within the box and were trained to nose-poke into
three ports along the front wall, all of which were raised 2 cm from the platform floor
(Island Motion, Tappan, NY). In each trial of the task, the mouse first entered the centrally-
located odor port, triggering the delivery of an odor, waited 500–600 ms for the presentation
of a go signal, and then moved to one of the two reward ports (located 6.5 cm to the left and
right of the central odor port) to receive water (Fig. 1A, B). On 50% of randomly interleaved
trials, light was delivered to the left SC during the movement planning epoch (from odor
port entry until odor port exit, Fig. 1B). Premature odor port exit resulted in the absence of
reward at either reward port. Infrared photodiode/phototransistor pairs were housed within
each port to determine the precise timing of port entry and exit.

Odors consisted of binary mixtures of (−)-carvone (Odor A) and (+)-carvone (Odor B). Mice
were rewarded at the left port when %Odor A > %Odor B and the right reward port when
%Odor B > %Odor A. When %Odor A = %Odor B, reward was available at both the left
and right on 50% of randomly selected trials (Fig. 1C). Each odor mixture was diluted
tenfold in light mineral oil (Fisher Scientific) and 20 μl of the dilution was pipetted onto a
syringe filter. The olfactometer delivered air at 100 ml/min through individual polyethylene
tubes connected to each filter. This odorized air was further diluted eightfold in carrier air
provided by a standard air cylinder. Thus, 800 ml/min of odorized air was delivered to the
odor port. The olfactometer, water valves, and go signals were controlled by custom
software (Matlab, Mathworks).

2.4 Initial behavioral training
After full recovery from surgery, mice were restricted to 1.5 mL water/day for 5 days. Mice
were then trained to perform the behavioral task using the following sequence of steps:

1. With the center port blocked, mice were water-rewarded for entering either the left
or right reward ports. These sessions were repeated until the mice obtained 1.5 ml
of water from the side ports within one session (2–3 days).

2. With only the right port blocked, the mice were required to enter the center port
before receiving a reward at the left port. Once mice received 1.5 ml of water, the
barrier was switched to the left port and the process was repeated with water
delivery to the right port (3–5 days).
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3. In alternating blocks of 30 rewarded trials, one reward port was blocked and 95/5
(%Odor A/%Odor B) (corresponding to open left port) or 5/95 (corresponding to
open right port) mixtures were presented upon entry to the center port. A minimum
required odor sampling time, indicated by a go signal (a light flash for some mice
or a tone for others), began at 0.01 s and increased in 0.01 s increments upon
completion (i.e., successfully waiting for the go signal and subsequently entering
the reward port) of 80% of the previous 20 trials. This process was repeated until
the mice achieved a required odor sampling time between 0.5 s and 0.6 s (14–28
days).

4. All ports were open and delivery of 95/5 and 5/95 mixtures was randomized trial
by trial. Upon completing > 65% of trials in the session at > 80% correct, the 80/20
and 20/80 mixtures were introduced. This process was repeated for the 60/40 and
40/60, and then the 50/50, mixtures.

Mice performed approximately 200–300 trials/session during training, depending on
motivation, performed 1 session/day for 6 days/week, and were fully trained within 6–8
weeks.

2.5 Optogenetic stimulation
In order to express ChR2 or NpHR in SC neurons, each adult mouse was injected with 600
nl of a 1:1 mixture of a virus containing Cre (AAV2-EF1a-mCherry-IRES-WGA-Cre) and
either a double-floxed-inverted hChR2-EYFP construct [pAAV5-Ef1a-DIO-
hChR2(H134R)-EYFP-WPRE-pA] or a double-floxed-inverted eNpHR3.0-EYFP construct
(pAAV5-Ef1a-DIO-eNpHR-EYFP-WPRE-pA) [all viruses were obtained from the
University of North Carolina Vector Core with permission from Dr. Karl Deisseroth
(Stanford University)] [47, 48]. A steel cannula (Plastics One,) was permanently implanted
in order to guide an optic fiber, inserted prior to each behavioral session, to deliver light to
opsin-expressing neurons located ventral to the fiber tip.

Light was delivered via diode-pumped, solid-state lasers (473 nm or 532 nm; Shanghai
Laser & Optics Century) coupled to the optic fiber. Lasers were calibrated weekly with an
optic power meter (Melles Griot). The power range was measured to be 50–110 mW/mm2

for 473 nm light, a range previously demonstrated to depolarize ChR2-expressing neurons
[49, 50]. Power output for the 532 nm laser was 140–160 mW/mm2, which is near a
previously demonstrated range to hyperpolarize NpHR-expressing neurons [51, 52]. At
these ranges of power output, we estimate that effective light stimulation was restricted to
the intermediate and deep layers of the left superior colliculus, given precise histological
confirmation of the ventral tip of optic fiber (cannula) location. Such light delivery did not
elicit observable responses in freely-moving, non-behaving mice. Consistent with previous
experiments blue light was pulsed at 25 Hz to activate ChR2, and yellow-green light was
delivered continuously to activate NpHR [50, 53].

2.6 Histology
Opsin expression and cannula/optic fiber location in all mice were verified histologically
after final behavioral training and testing. Mice were deeply anaesthetized with 250 mg/kg
pentobarbital and transcardially perfused with 4% paraformaldehyde. The brain was then
excised and placed into 4% paraformaldehyde for 24 hours at 4 degrees C. Coronal sections
(100 μm) were prepared in 0.1% phosphate buffered saline (0.9% NaCl) using a Vibratome
and Nissl stained at a dilution of 1:750, mounted on slides, and coverslipped for
fluorescence microscopy. Images were captured at 4x using an inverted Olympus
microscope. Only mice that met both of the following criteria were included in the
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experimental groups: 1) opsin-EYFP expression in the intermediate and deep SC layers and
2) cannulae and optic fiber targeted to the same location as in (1).

2.7 Statistics and quantification of directional bias

Psychometric functions were fitted to , where x is the proportion of the left
odor (Odor A) in the mixture, p is the fraction of left choices, and a and b are the best-fit
free parameters. The slope of the function is captured by b, while its directional bias was

calculated as  [11]. Positive bias values reflect a leftward (ipsiversive) shift
relative to a perfectly left/right symmetric psychometric function, and negative values reflect
a rightward (contraversive) shift. Separate psychometric functions were fitted to the data
from light-on and light-off trials.

In order to determine whether the bias values associated with the psychometric functions for
the light-off and light-on trials of a given session (BiasOFF and BiasON, respectively) were
significantly different from each other, we performed a bootstrap test. We first calculated
BiasDIFF = BiasON − BiasOFF. We then shuffled the identity of light-on and light-off trials,
calculated the bias values for these shuffled groups as BiasON*and BiasOFF*, and calculated
BiasDIFF*= BiasON*− BiasOFF*. We repeated this procedure 1000 times to calculate a set of
1000 BiasDIFF* values. The significance of BiasDIFF was then obtained by comparing it to
the set of BiasDIFF* values. To test whether BiasDIFF < 0, our hypothesized effect of
exciting the left SC (in ChR2-expressing mice), the p-value was calculated as the fraction of
BiasDIFF* values that were less than BiasDIFF. Therefore, the p-value represents the
probability of observing an effect at least as large as BiasDIFF if the light exerted no effect.
SlopeOFF and SlopeON correspond to the slope of the psychometric functions for the light-
off and light-on trials, respectively, of a given session. Significance was set to p < 0.05 for
all statistical tests.

3. Results
3.1 Behavioral performance

We sought to examine the role of the SC in controlling orienting movements in freely
moving animals. To that end, we trained mice on a delayed-response olfactory
discrimination task that required a directional orienting movement in order to obtain a
reward (Fig. 1; Material and methods 2.3 and 2.4). In each trial of the task, the reward side
was determined by the dominant component in a binary odor mixture (Fig. 1C). Mice were
able to achieve sufficient performance on the task, selecting the left reward port when
%Odor A > 50 and the right reward port when %Odor A < 50 (Material and methods 2.4;
Fig. 1D). Mice performed 338 ± 13.5 trials/session (mean ± SEM), and 1 session/day.

3.2 Effect of exciting SC intermediate and deep layer neurons
Upon achieving stable performance in one group of mice, we tested how SC activity affects
movement direction by optogenetically exciting SC neurons immediately preceding
movement initiation (Fig. 1B). Since SC activity has been shown to be correlated with
contraversive movement [11, 44, 54, 55], we hypothesized that exciting left SC neurons
would bias the mouse toward rightward movement. In order to test this hypothesis, prior to
beginning training we expressed ChR2 in intermediate and deep layer SC neurons (Fig. 2A)
and implanted a cannula to guide an optical fiber to this region (Material and methods 2.5).
The behavior proceeded exactly as described above, now with blue light delivery on 50% of
randomly selected trials. We then fitted separate psychometric functions to the choices on
“light-on” and “light-off” trials (Material and methods 2.7; Fig. 2B), and estimated the bias
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exhibited during each of these groups of trials (Material and methods 2.7; Fig. 2C).
Consistent with our hypothesis, we found that unilateral blue light delivery biased mice
contraversively on the task. Figure 2B shows an example session in which the psychometric
function corresponding to light-on trials was shifted to the right relative to the function
corresponding to light-off trials. Figure 2C shows the bias exhibited during light-on trials in
a given session (BiasON) against the bias exhibited during the light-off trials in that same
session (BiasOFF). Across sessions, BiasON was lower (i.e., more rightward) than the
BiasOFF (p = 0.00029, t-test; 10/39 sessions individually significant, bootstrap test Material
and methods 2.7). In contrast, SlopeON was not significantly different from SlopeOFF,
indicating that overall behavioral performance was not affected by light delivery (Fig. 2D, p
= 0.49, Wilcoxon signed rank test). These results support our hypothesis that unilateral SC
excitation biases the mouse toward contraversive movements in this task.

3.3 Effect of inhibiting SC intermediate and deep layer neurons
To complement the excitation experiments described above, in a separate set of mice we
expressed NpHR in intermediate and deep layer SC neurons and repeated the stimulation
experiments described above with 532 nm light to activate NpHR. We hypothesized that
inhibiting SC activity just prior to movement onset would reduce the likelihood of
contraversive movements, thus biasing the mouse ipsiversively. Indeed, psychometric
functions fitted to light-on trials exhibited a leftward (ipsiversive) shift relative to light-off
trials (Fig. 3B), therefore exhibiting larger BiasON than BiasOFF values, across sessions (Fig.
3C; p = 0.036, t-test). Again, overall behavioral performance was not affected by light
delivery, as SlopeON did not differ from SlopeOFF (Fig. 3D, p = 0.50, Wilcoxon signed rank
test).

3.4 Behavioral effect of opsin expression or light delivery alone
To ensure that the effects of in vivo light delivery on behavior were mediated via opsin
activation of neural activity and not a potential secondary mechanism (e.g., the light
activating neural activity via thermal transduction [56] or cueing to the light potentially
visible through the fiber [57]) we repeated the above experiments in control mice. In one set
of experiments, no opsin was virally delivered to SC neurons, but blue light was still
delivered to the SC as described for the opsin-expressing mice. As expected, no directional
bias resulted from these experiments, nor was there a change in behavioral performance (Fig
4A, B; BiasON compared to BiasOFF, p = 0.85, t-test; SlopeON compared to SlopeOFF, p =
0.63, Wilcoxon signed rank test). Thus, light alone is not sufficient for activation of SC
neurons, nor are the mice visually cued by the light. Additionally, to determine that opsin
expression alone was not sufficient to drive a bias in movement choice, ChR2 was virally
expressed in the SC as described above, but light was blocked from exiting the implanted
cannula. As expected, there was again no directional bias or change in performance
observed in these sessions (Fig. 4B; BiasON compared to BiasOFF, p = 0.85, t-test; SlopeON
compared to SlopeOFF, p = 0.97, Wilcoxon signed rank test). Taken together, these results
demonstrate that optical activation of opsins was necessary to observe a directional bias
(Fig. 4). Thus, our reported behavioral effect during light delivery to ChR2- and NpHR-
expressing SC neurons is, in fact, due to exciting or inhibiting, respectively, activity of these
neurons.

3.5 Difficulty dependence of directional shifts induced by manipulation of activity
The above calculations of BiasON and BiasOFF values do not differentiate between trials in
which odor discrimination is relatively easy, on which mice perform well, and trials in
which the discrimination is hard, on which mice perform poorly (Fig. 1D). We now examine
whether the difficulty of discrimination affects the degree to which unilateral manipulation
alters movement direction. If the SC were involved in implementing actions that have
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previously been selected, we would expect the shift in movement to be independent of
discrimination difficulty. However, if the SC were involved in selecting the movement, then
we would expect to observe a larger effect of manipulating activity on movement direction
during hard than easy trials [19].

For each session, we calculated the fractions of light-on trials in which the animal selected
the left water port, separately for easy (%Odor A = 5, 20, 80, or 95) and hard (%Odor A =
40, 50, or 60) discrimination trials, as well as the corresponding fractions of light-off trials.
In the excitation experiments, we found that light delivery had a greater effect (i.e., caused
more contraversive choices) on hard trials than on easy trials (Fig. 5A; p = 0.000096, t-test).
However, in the inhibition experiments, we found no difference in the effect of light
delivery on hard or easy trials (Fig. 5B; p = 0.42, t-test). As expected, we observed no effect
of discrimination difficulty in our control sessions (Fig. 5C, p = 0.90, t-test). These results
suggest that in mice, as in primates, the SC plays a role in the process of selecting
movements [9, 16–19, 41, 58–64].

4. Discussion
We examined the role of the intermediate and deep layers of the mouse SC in orienting
movements. Our results demonstrated that exciting these neurons biased movements
contraversively (Fig. 2), while inhibiting them resulted in an ipsiversive bias (Fig. 3).
Importantly, our results were not due to opsin expression alone or light delivery alone (Fig.
4), confirming that they were due to optogenetic manipulation. These results are consistent
with those of previous studies in the SC of other mammalian species, thus establishing the
behaving mouse as a model for future studies to further elucidate the functional role of SC
microcircuitry.

4.1 Effects of optogenetic excitation and inhibition of SC neurons on movement direction
Previous studies have demonstrated that unilateral activation of intermediate and deep layer
SC neurons elicits contraversive movements, across species [10, 20–25]. Unilateral
pharmacological excitation of the rat SC similarly resulted in a preponderance of
contraversive head movements [43]. Although inhibitory neurons also populate the
intermediate layers of the SC [30, 34, 65, 66], the contraversive effects of unilateral SC
activation are thought, in part, to be mediated by the more numerous excitatory neurons that
project to brainstem and spinal cord motor nuclei [26, 32, 67].

In this study, we did not restrict opsin expression to any particular type of SC neuron. Thus,
although we did not histologically quantify relative opsin expression in glutamatergic and
GABAergic neurons, we speculated that, as was the case in these previous studies, the
behavioral effect of unilateral optogenetic excitation would be mediated by the excitatory
projection neurons. Indeed, we found that optical excitation biased the mice contraversively
(Fig. 2). By the same reasoning, we speculated that the effects of our inhibition experiments
(using NpHR) would be mediated by these same projection neurons. We therefore
hypothesized that unilateral inhibition would result in an ipsiversive bias, as we and others
using pharmacological methods have observed [11, 68–70]. Our results were again
consistent with previous findings: unilateral inhibition resulted in an ipsiversive bias (Fig.
3).

We did observe a notable difference between our excitation and inhibition experiments:
There was a difficulty-dependence of the behavioral shift only under excitation (Fig. 5A,B).
These differences may be due to the relative expression levels of ChR2 and NpHR (Figs. 2A
and 3A). In addition, previous studies have observed modest effects of NpHR-mediated
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inhibition compared to ChR2-mediated excitation [50, 53], possibly due to a transient
excitatory effect following NpHR activation [71].

4.2 The behaving mouse as a model for examining SC function
As described above, the contraversive and ipsiversive biases that we have observed under
conditions of unilateral excitation and inhibition, respectively, are consistent with previous
findings in other species. Further, we found that unilateral excitation had a larger effect on
difficult discrimination trials than on easy trials (Fig. 5), consistent with findings in the
primate SC [19]. These results suggest that in mice, as in primates, the SC may be involved
in selecting the action and not simply executing a previously selected action [9, 16–19, 41,
58–64]. Recently, optogenetic manipulation in the primate SC has yielded similar findings
[72]. Together, the consistency of our results with those obtained in primates suggests that
the mouse is a viable model for studying SC function.

The mouse model also offers some clear advantages over other species. Although some
optogenetic tools can be applied to primates [73–76], transgenic mouse lines currently
permit the restricted expression of Cre-dependent constructs, allowing for in vivo
examination of the functional roles of particular cell types [37, 56, 77, 78]. For example,
VGlut-Cre mice and GAD-Cre mice can be used to study glutamatergic and GABAergic
neurons, respectively [77]. Given that many of the slice studies in the SC have utilized mice,
examining the SC in behaving transgenic mice has the potential to unify findings across
mechanistic and functional experiments, providing a valuable complement to the primate SC
model.

4.3 Long-term in vivo effects of ChR2 excitation
The in vivo application of optogenetics has inspired a number of elegant approaches to
examining the functional roles of heterogeneous neuronal networks [57, 79–81]. However,
whether there exist long-term physiological effects of repeated activation of opsin proteins is
unknown [56]. We found that one mouse that had demonstrated a robust contraversive bias
in response to SC excitation during its initial 13 sessions (shown in Fig. 2C) ultimately then
showed a significant, and more robust, ipsiversive bias in its final sessions, conducted 11–13
weeks later (initial contraversive effect: p = 0.041, 3/13 sessions individually significant,
bootstrap test; final ipsiversive effect: p = 0.00021, 8/15 sessions individually significant,
bootstrap test). A parsimonious explanation for these results is that frequent, long-term
activation of ChR2 in vivo may cause calcium-mediated excitotoxic cell death in neurons
that co-express ionotropic NMDA receptors, such as SC projection neurons [82–84]. ChR2
conductance is mainly mediated by calcium [85, 86]. Increased calcium accumulation via
ChR2 activation could rapidly depolarize neurons to relieve the magnesium block of NMDA
receptors, causing further calcium accumulation sufficient to induce excitotoxic cell death
[87, 88]. Although the specific mechanisms are unclear, inhibitory neurons may remain
viable under these excitotoxic conditions [89–91]. Thus, unilateral loss of SC excitatory
neurons due to excitotoxicity could leave only the ChR2-expressing inhibitory interneurons
to be activated by light. Although this subpopulation has not been the focus of in vivo study,
a reasonable hypothesis based on the fact that they inhibit excitatory projection neurons is
that activating inhibitory SC neurons would result in an ipsiversive bias. Indeed, some
previous microstimulation experiments have elicited ipsiversive movements in rats [24, 44]
and a significant minority of SC neurons in rats exhibit higher firing rates preceding
ipsiversive movements [11, 12]; both findings may reflect the activity of the relatively small
GABAergic population. Thus, we speculate that the strong ChR2-driven ipsiversive bias
observed in later sessions may be due to selective activation of inhibitory neurons that were
spared from ChR2-mediated excitotoxicity. These findings suggest that the long-term effects
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of opsin expression, which are particularly relevant to experiments utilizing optogenetics in
a behavioral context, should be examined in future studies.

4.4 Summary and future directions
Our results demonstrate that unilateral ChR2-mediated excitation and NpHR-mediated
inhibition of the intermediate and deep SC layers cause significant shifts in movement
direction in behaving mice. Although in the present study we did not excite or inhibit
specific classes of cells in order to determine their roles in motor control, our work provides
a basis for future experiments that can make use of transgenic mice for the selective
manipulation of excitatory and inhibitory neurons, and even further restricted neuronal
subpopulations, optogenetically. Future experiments can build upon ours to examine the role
of the SC in specific aspects of decisions by stimulating neural activity in restricted phases
of the task (e.g., well before movement initiation); such temporal specificity has not been
possible in previous inhibition experiments. Ultimately, the application of optogenetics to
behaving mice, as utilized here, can be used to elucidate the roles of a range of cell types
and brain regions involved in sensorimotor decision making.
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Highlights

We applied optogenetics to mice performing a sensorimotor decision task

Manipulating superior colliculus activity predictably biases movement direction

The mouse is a valuable model for studying superior colliculus function in vivo
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Fig. 1. Behavioral task and performance
(A) The task environment, showing the implanted mouse in the odor port (left image) and
the right reward port (right image).
(B) Timing of task events. Light stimulation was delivered on 50% of randomly selected
trials. For ChR2 sessions, blue light was pulsed at 25 Hz; for NpHR sessions, yellow-green
light was delivered continuously.
(C) Probability of reward at the left port as a function of %Odor A in the binary mixture.
(D) Task performance. Circles show data from 1 session (mean ± SEM); dashed line shows
corresponding best-fit psychometric function. Gray lines show best-fit psychometric
functions for the final 3 training sessions (in which no light was delivered) preceding the
experimental sessions for each of 5 mice. Solid black line shows best-fit psychometric
function for data across all sessions.
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Fig. 2. Behavioral effect of ChR2-mediated unilateral SC excitation
(A) Histological confirmation of ChR2-EYFP expression in the SC. Green, EYFP. Coronal
section shown was estimated as 3.8 mm posterior from bregma (200 μm anterior to both
viral injection and cannula implantation site). Layers of the SC: ig, intermediate gray layer;
iw, intermediate white layer; dg, deep gray layer.
(B) Choices and best-fit psychometric functions shown separately for light-off trials (gray)
and light-on trials (black) for 1 example session in a ChR2-expressing mouse.
(C) BiasON values plotted against corresponding BiasOFF values for each behavioral session.
Across sessions, BiasON values were lower than BiasOFF values, indicating that light
delivery resulted in a rightward (contraversive) shift, as exemplified in (B).
(D) SlopeON values plotted against corresponding SlopeOFF values for each session. Across
sessions, SlopeON values were no different from SlopeOFF values, indicating that light did
not degrade overall behavioral performance.
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Fig. 3. Behavioral effect of NPHR-mediated unilateral SC inhibition
(A) Histological confirmation of NpHR-EYFP expression in the SC. Green, EYFP. Coronal
section shown was estimated as 4.7 mm posterior from bregma (700 μm posterior to both
viral injection and cannula implantation site). Layers of the SC: ig, intermediate gray layer;
iw, intermediate white layer; dg, deep gray layer.
(B) Choices and best-fit psychometric functions shown separately for light-off trials (gray)
and light-on trials (black) for 1 example session in an NpHR-expressing mouse.
(C) BiasON values plotted against corresponding BiasOFF values for each behavioral session.
Across the population, BiasON values were higher than BiasOFF values, indicating that light
delivery resulted in a leftward (ipsiversive) shift, as exemplified in (B).
(D) SlopeON values plotted against corresponding SlopeOFF values for each session. Across
sessions, SlopeON values were no different from SlopeOFF values, indicating that light did
not degrade overall behavioral performance.
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Fig. 4. Behavioral effect of opsin expression or light delivery alone
(A) Choices and best-fit psychometric functions shown separately for light-off trials (gray)
and light-on trials (black) for 1 example session, for a control animal with no virus injection
and therefore no opsin expression.
(B) BiasON values plotted against corresponding BiasOFF values for each session, for all
control sessions. In “No light” controls, light was delivered through the fiber but was
blocked from reaching the SC. In “No virus” controls, light was delivered normally, but the
mouse did not receive a viral injection and therefore no opsin was expressed in the SC.
Across the population, BiasON values did not significantly differ from BiasOFF values.
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Fig. 5. Difficulty dependence of directional bias
(A) Difference between the fraction of leftward choices on light-on and light-off trials in
each session, separately for easy (%Odor A = 5, 20, 80, or 95) and hard (%Odor A = 40, 50,
or 60) discrimination trials, in the ChR2 sessions (shown in Fig. 2). Each circle represents 1
session. Light delivery resulted in a larger rightward (contraversive) shift in the hard
compared to easy trials.
(B) As in (A), for NpHR sessions (shown in Fig. 3).
(C) As in (A), for control sessions (shown in Fig. 4).
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