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SUMMARY

Deciding in which direction to move is a ubiquitous feature of animal behavior, but the neural
substrates of locomotor choices are not well understood. The superior colliculus (SC) is a midbrain
structure known to be important for controlling the direction of gaze, particularly when guided by
visual or auditory cues, but which may play a more general role in behavior involving spatial
orienting. To test this idea, we recorded and manipulated activity in the SC of freely-moving rats
performing an odor-guided spatial choice task. In this context, not only did a substantial majority of
SC neurons encode choice direction during goal-directed locomotion, but many also predicted the
upcoming choice and maintained selectivity for it after movement completion. Unilateral inactivation
of SC activity profoundly altered spatial choices. These results indicate that the SC processes
information necessary for spatial locomotion, suggesting a broad role for this structure in sensory-
guided orienting and navigation.

INTRODUCTION

Animals use stimulus cues to guide spatial choices required for seeking out desired resources
and avoiding potential hazards in their environment. Despite the importance of sensory-guided
locomotion, little is known about its neural bases, in part due to the relative difficulty of
performing recordings in freely-moving animals. Although multiple interconnected cortical
and subcortical regions are likely to be involved in the selection, execution, and evaluation of
spatial choices, a variety of data suggest that the superior colliculus (SC), a midbrain structure
with sensory inputs and motor outputs, may play a central role in spatial decision-making
critical to directed locomotion.

Across several species, the SC (or optic tectum, in non-mammalian vertebrates) has been
intensively studied as an essential component of the neural circuitry controlling orienting
(Sparks, 1986; Sparks, 1999). In fish and amphibians, the optic tectum is the principle structure
responsible for spatial orienting (Angeles Luque et al., 2005; Ingle and Crews, 1985), while in
mammals, the intermediate and deep layers of the SC constitute a final common pathway for
coordinated orienting movements of the eyes and the head via descending projections to several
motor nuclei (Freedman and Sparks, 1997; May, 2005; Sparks, 1999; Sparks and Hartwich-
Young, 1989). The activity of intermediate- and deep-layer SC neurons is correlated with the
initiation of contralateral eye and head movements (Cooper et al., 1998; Freedman and Sparks,
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1997; Harris, 1980; Horwitz and Newsome, 2001; Mohler and Wurtz, 1976; Schiller and
Koerner, 1971; Wurtz and Goldberg, 1971; Wurtz and Goldberg, 1972), and lesions disrupt
saccades and induce neglect of contralateral stimuli(Hikosaka and Wurtz, 1985; Ingle, 1973,;
Schiller et al., 1980; Sinnamon and Garcia, 1988). SC microstimulation in head-fixed animals
triggers eye movements (McHaffie and Stein, 1982; Robinson, 1972) and activates neck
muscles (Corneil et al., 2002), consistent with observations in unrestrained animals that
microstimulation produces movements of the head and body (Dean et al., 1988; Freedman et
al., 1996; Harris, 1980; Roucoux et al., 1980; Sahibzada et al., 1986; Salas et al., 1997).

The SC (or optic tectum) is important for more than the control of motor output. In non-
mammalian vertebrates, the optic tectum is the principle site of sensory-motor integration
(King, 2004). In primates, several pieces of data suggest that the SC is important not only for
executing movements but for planning them as well (Carello and Krauzlis, 2004; Glimcher
and Sparks, 1992; Horwitz et al., 2004; Horwitz and Newsome, 1999; Horwitz and Newsome,
2001; McPeek and Keller, 2004), and even for covertly orienting attention to a particular region
of space (Kustov and Robinson, 1996; Muller et al., 2005). Although most studies have focused
on orienting responses to visual cues, the SC also mediates movements triggered by auditory
and somatosensory stimuli (Groh and Sparks, 1996; Jay and Sparks, 1987). Thus, the SC may
be considered a critical part of the circuitry for sensory-guided orienting decisions (Hikosaka
et al., 2006; Krauzlis et al., 2004; Lo and Wang, 2006).

In this study, we sought to examine the role of the SC in spatial choices made by freely-moving
animals. Despite the extensive literature discussed above, very few studies have recorded from
the SC of unrestrained animals (Pond et al., 1977; Weldon and Best, 1992; Weldon et al.,
2007; Weldon et al., 2008), and fewer still have focused on locomotor behavior (Cooper et al.,
1998). We hypothesized that, because spatial orientation and directed locomotion are tightly
coupled, the SC would be critical to spatial locomotor choices. To study this, we used tetrodes
to record simultaneously from several single neurons in the SC of rats performing a sensory-
guided spatial choice task (Uchida and Mainen, 2003). We focused on the intermediate and
deep layers of the SC because these layers are thought to mediate motor output (Freedman and
Sparks, 1997; May, 2005; Sparks, 1999; Sparks and Hartwich-Young, 1989). In this task, an
arbitrary odor cue presented at a central port determines whether water will be delivered upon
entry into the left or right reward port. After sampling the odor, a well-trained rat will, in one
fluid movement, withdraw from the odor port, orient left or right, and enter the selected reward
port. This task thus requires that a freely moving animal make a spatial choice but also affords
highly reliable timing of task events and a large number of trials. To test our hypothesis, we
first analyzed locomotor-related activity before, during, and after the spatial choice, and found
that the activity of overlapping populations of cells encoded the spatial choice during all of
these periods. We then unilaterally inhibited the SC with muscimol (Martin and Ghez, 1999),
and found that spatial choices were affected in a manner predictable from the neural data. Our
results suggest that the rat SC is critical for executing goal-directed locomotor choices cued
by sensory stimuli, and may play a role in planning such choices and associating them with
their outcomes.

We recorded from 258 well-isolated neurons in the intermediate and deep layers of the left SC
of four rats performing the odor-guided spatial choice task (Figure 1 and Figure 2; Experimental
Procedures). Briefly, the task requires the rat to first sample an odor stimulus presented at a

central port, and then to move to either the left or right reward port to receive water (Figures
1A and 1B). In versions of the task in which the stimulus ensemble is limited to well-learned
pure odors, rats achieve nearly perfect performance (Uchida and Mainen, 2003). Since a lack
of error trials introduces ambiguity in our analyses (i.e., odor identity can not be dissociated
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from the spatial choice), for each rat we increased the difficulty of the task in one of two ways:
either by requiring the rat to learn a novel odor discrimination in each session (Quinlan et al.,
2004) (Figure 1C), or by using binary odor mixtures (Uchida and Mainen, 2003) (Figure
1D;Experimental Procedures). Because we focus here on the neural representations of spatial
choices and their significance for behavior, and we observed no difference in the data collected
during the two paradigms, data were combined across paradigms in all subsequent analyses.
For all rats, odor sampling duration (the time from odor valve opening until the rat withdraws
its snout from the odor port; Figure 1E) and movement time (odor port withdrawal until reward
port entry; Figure 1F) were consistent with previous studies (Feierstein et al., 2006;Uchida and
Mainen, 2003). In the following sections, we describe our analyses of the neural activity
recorded during, preceding, and following locomotion to the reward port.

Direction Selectivity During Locomotion

We first focused on neural activity as the rat moved from the odor port to the reward port. For
most of the cells recorded, we found that firing rate depended on whether the movement was
toward the reward port ipsilateral or contralateral to the recording site (always the left SC;
Figures 3A and 3B). In order to quantify the dependence of firing rate on movement direction,
we used an ROC analysis to calculate a “preference” index for each cell (Feierstein et al.,
2006; Green and Swets, 1966) (Experimental Procedures). The ROC metric reflects how often
an ideal observer can correctly discriminate whether a given firing rate was recorded during
leftward or rightward locomotion. Preference ranges from —1to 1, where negative values reflect
a higher firing rate during leftward movement (“prefers ipsilateral”), positive values reflect a
higher firing rate during rightward movement (“prefers contralateral”), and a larger magnitude
corresponds to more accurate discrimination by the ideal observer. We determined the
significance of the preference using a permutation test (Experimental Procedures). Across the
population, we found that many cells significantly preferred locomotion in one direction (P <
0.01, permutation test), and the proportion of significant preference for ipsilateral and
contralateral choices was not significantly different (P = 0.34, 2 test; Figure 3C).

Since most trials were performed correctly (Figures 1C and 1D), odor identity and choice
direction were correlated across trials. It is therefore possible that the preference that we have
attributed to direction could more accurately reflect a preference for the recently sampled odor.
However, since multiple odors were associated with each reward port, and since a sufficient
number of errors were made, we can dissociate preference for odor and direction. As shown
in the example (Figure 3A), the activity of the cell during ipsilateral movement (its preferred
direction) did not depend on which of three odors (A, C, or D) was presented. To address this
issue across the population, we calculated the direction preference separately for correct trials
and for error trials, within each odor pair. For a cell that prefers a particular direction, the
preference calculated during correct and error trials would be approximately equal (within the
limits imposed by firing rate variability across trials), falling along the line x = y. Cells that
prefer a particular odor should show preference values of the opposite sign for correct and error
trials, falling along the line x = —y. Clearly, preference is correlated for correct and error trials
(Figure 3D), demonstrating that SC activity during locomotion reflects the current direction of
movement, and not the identity of the recently sampled odor.

The examples shown in Figure 3 indicate that, during the movement, the time course of
direction preference varies across neurons. The cell in Figure 3A shows a sharp peak in firing
rate during rightward locomotion approximately 400 ms after movement initiation, while the
cell in Figure 3B shows increased activity immediately after the start of an ipsilateral movement
that seems to last until the rat enters the reward port. To quantify the dynamics of direction
preference, for each cell we calculated a “preference curve” by computing the preference and
its significance in short windows during and preceding the movement (in overlapping 200 ms
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windows, starting every 20 ms). These curves reveal how the direction preference of each cell
evolves as the movement is planned and executed (Figure 4B). We then calculated three
measures from each preference curve:

1. The time at which a significant preference for direction was first evident (P < 0.01,
permutation test; Figure 4C).

2. The time corresponding to the center of mass of the significant points (P < 0.01,
permutation test) of the preference curve (Figure 4D). Calculating the center of mass
based on all points (regardless of their significance) in the preference curve yields
similar results.

3. The duration over which direction preference was significant (P < 0.01, permutation
test; Figure 4E).

Although the behavior of the population was heterogeneous, many cells were selective for
direction very early during, or even before the initiation of, the movement, and remained
selective for a large fraction of the movement, often until its completion. These results were
independent of the size of the window in which preference was calculated (Figure S1). In the
next sections, we focus on neural activity preceding and following the movement.

Direction Selectivity Preceding Locomotion

Many cells appear to be prospectively direction-selective for the movement that is about to be
initiated (Figure 4B and Figure 5A). We quantified this by calculating the preference for the
direction of the upcoming choice based on the firing rate during the 100 ms preceding
movement initiation. Across the population, in contrast to the distribution of preferences during
the movement itself (Figure 3C), more SC neurons significantly preferred (P < 0.01,
permutation test) upcoming contralateral movements to ipsilateral movements (P < 1072, 52
test; Figure 5B; the results were similar when we considered the entire odor sampling duration
[Figure S2A]). Since in this analysis direction preference was calculated while the odor was
presented, we again asked whether this metric could reflect the identity of the odor, and not
the direction of movement. The example (Figure 5A) suggests that this is not the case: Firing
rate is higher preceding contralateral movements than ipsilateral movements, independent of
the odor presented. Across the population, we performed the same error analysis as described
above (Figure 3D), which again demonstrated a preference for the direction of locomotion,
and not odor identity (Figure 5C). Thus, the increase in activity of a subpopulation of rat SC
neurons signals the early phase of execution, and perhaps the initiation, of contralateral
locomotor choices.

Direction Selectivity Following Locomotion

Our analyses of the dynamics of direction selectivity during locomotion suggest that many
cells remained direction-selective at least until the end of the movement (Figure 4B). Note that
such a cell may not appear to exhibit significant direction preference at the maximum time bin
shown in Figure 4B (500 to 700 ms following reward port entry) because the movement is
often completed well before that time (Figure 1F). Does the selectivity disappear once the
movement is completed, or does it persist? By aligning neural activity to the time of reward
port entry and exit, we can see that some cells were direction-selective only during locomotion
(Figure 6A), but other cells remained selective after movement completion, until the rat exited
the reward port to return to the odor port for the next trial (Figure 6B). We quantified this
persistence by calculating ipsilateral vs. contralateral preference, as above, during the 500 ms
following entry into the reward port, and comparing this value to the direction preference
calculated during locomotion. We found that, for a significant fraction of the direction-selective
cells, the preferred reward port (ipsilateral or contralateral) corresponded to the preferred
direction during locomotion (Figure 6C; P < 1072, 42 test; only correct trials were included in
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this analysis because the rat often exited the reward port quickly if it was not rewarded). Within
this population of cells, the magnitude of the preference calculated while the rat was at the
reward port depended on the magnitude of direction selectivity during movement (Figure 6C,
solid black line; positive slope of best-fit line: P < 0.01, bootstrap resampling; similar results
were obtained when we calculated preference during the 1000 ms following reward port entry
[Figure S2B]). For how long is preference maintained after reward port entry? To address this,
we calculated the preference for the ipsilateral or contralateral reward port in overlapping 200
ms windows (as described above for Figure 4B), aligned to reward port entry. We found that
across the population there was a wide range of times during which selectivity persisted (Figure
6D; note that activity following exit from the reward port in each trial is excluded). Although
our focus is on locomotion toward the reward, we also analyzed left/right preference during
the return of the rat to the odor port in order to initiate the next trial. We found that some cells
maintained their directional preference during locomotion back to the odor port (e.g., they
prefer moving to the right reward port and from the left reward port), but more cells actually
maintained their spatial preference (e.g., they prefer moving to and from the right reward port,
independent of the direction of motion) (P < 0.05, 2 test; Figure S3). Thus, preference for a
particular spatial choice during locomotion often persisted long after the movement itself was
completed.

Depth-Dependence of Selectivity

The SC can be subdivided into several anatomical layers that have been shown to mediate
specific functions, such as the processing of visual input superficially and motor output in deep
layers (Huerta and Harting, 1984). We therefore analyzed whether the direction and outcome
selectivity that we have described were dependent on the depth of the recording site. We found
that deeper cells tended to exhibit stronger direction selectivity during the early phase of
movement execution (Figure 7A; positive slope of best-fit line: P <0.01, bootstrap resampling).
During locomotion, however, the direction selectivity of cells that were not already direction-
selective before movement was independent of depth (Figure 7B; non-zero slope of best-fit
line: P =0.25, bootstrap resampling). We next looked at how the dynamics of direction
selectivity during locomotion (Figure 4) depended on depth for those cells that were not
selective preceding locomotion. We found that deeper cells tended to reach their peak
selectivity (measured as in Figure 4D) earlier during the movement period (Figure 7C; negative
slope of best-fit line: P < 0.01, bootstrap resampling). Thus, the timing, but not the strength,
of selectivity during locomotion depended on depth. Together, these results suggest a
dorsoventral organization of spatial computations within the rat SC.

Unilateral Inactivation

In order to determine whether the locomotor choice-related selectivity we have observed is
necessary for, or simply correlated with, the execution of goal-directed locomotion, we
unilaterally inactivated the SC in four rats performing the spatial choice task with odor mixtures
(Experimental Procedures). This allowed us to vary the strength of the sensory cue from trial-
to-trial and thereby obtain a psychometric choice function under control and unilateral
inactivation conditions. On alternate days, prior to the behavioral session, we infused 0.5 pl of
either saline or the reversible GABAx agonist muscimol (0.04 mg/ml) via a chronically
implanted cannula into the intermediate and deep layers of either the left or right SC
(Experimental Procedures; Figure S4C). We first asked whether muscimol affected the
probability of choosing the left or right reward port, by comparing the psychometric functions
for the muscimol session and its preceding and following saline sessions. Since many more
SC cells preferred contralateral rather than ipsilateral choices during the initial phase of
locomaotion (Figure 5C), we expected SC inactivation to bias the rat toward the reward port
ipsilateral to the inactivated side. This is clearly the case for the example sessions shown, in
which the left SC was inactivated (Figure 8A). We quantified the magnitude and direction of
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this choice bias from each psychometric function, where positive values reflect ipsilateral bias
(Experimental Procedures). We found that the bias was larger (i.e., more ipsilateral) during
muscimol sessions than the corresponding saline sessions (Figure 8B; P < 0.001, t-test; 20
muscimol sessions). Note that the bias during saline sessions was occasionally nonzero because
animals sometimes developed an idiosyncratic preference for one side, but even in these cases
the rats were still biased more ipsilaterally during muscimol than saline sessions. Thus,
inactivation of a given SC biased the rats toward the inactivated side, as predicted from our
analyses of the neural activity.

Although unilateral muscimol infusion biased the rats ipsilaterally, they still made some
contralateral choices (e.g., Figure 8A). When such choices were made, were they identical
during muscimol and saline sessions? For each trial, we calculated the reaction time as the time
from the opening of the odor valve to entry into the reward port (i.e., the combined odor
sampling duration [Figure 1E] and movement time [Figure 1F]). In Figure 8C, the probability
density functions of reaction times are shown separately for contralateral and ipsilateral choices
during the same example sessions shown in Figure 8A. Reaction times for contralateral choices
tend to be longer during muscimol than saline sessions, while reaction times for ipsilateral
choices tend to be shorter during muscimol than saline sessions. This was the case for
contralateral choices in 15/20 individual sessions (P < 0.01, t-test) and for ipsilateral choices
in 7/21 individual sessions (P < 0.01, t-test), and when the means of the distributions were
considered as a group (Figure 8D; P < 0.02 for means of ipsilateral and contralateral
distributions, t-tests; note that in 1 session, no contralateral choices were made). These results
suggest that SC activity is necessary for normal spatial locomotor choices.

DISCUSSION

In this study, we examined representations in the SC that underlie the goal-directed locomotion
demanded by an odor-cued spatial choice task. We found that the neural activity of overlapping
populations of neurons was dependent on the spatial choice (left vs. right) made before, during,
and after movement execution, and that unilateral inactivation of the SC biases spatial choices
ipsilateral to the inactivated side. These results suggest that the SC is involved in spatial choices
during goal-directed locomation.

Previous research in primates has shown that the SC is a critical component of the circuitry
responsible for orienting gaze and attention toward salient stimuli through eye and head
movements (Freedman and Sparks, 1997; Horwitz and Newsome, 2001; Sparks, 1999; Wurtz
and Goldberg, 1972). Our data (Figure 5) are consistent with the idea that the SC is involved
in similar processes in rats (Dean et al., 1989; McHaffie and Stein, 1982; Redgrave and Gurney,
2006; Sahibzada et al., 1986), and extend previous findings by demonstrating that in freely-
moving animals, the SC is also important for the execution of spatially-specific locomotor
responses. Moreover, while the SC is known to be important for orienting to auditory and
somatosensory in addition to visual stimuli (Groh and Sparks, 1996; Jay and Sparks, 1987),
here we show that SC is also critical for orienting triggered by olfactory stimuli. Together, our
findings suggest an even broader role for the SC in the orientation of attention and the execution
of orientation-dependent actions than had previously been appreciated.

Saccade-related SC neurons in primates tend to show a build-up or burst of activity prior to an
eye movement with a rapid reduction after its initiation, and in most cells there is little activity
after movement completion (Munoz and Wurtz, 1995; Wurtz and Goldberg, 1972). In contrast,
we typically observed direction-selectivity during movement (Figure 3 and Figure 4), which

often endured long after the movement was completed (Figure 6 and Figure S3). What is the
function of this persistent direction selectivity? One possibility is that the activity signals the
discrepancy between the preferred movement amplitude for the neuron under study and the
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actual amplitude of the executed movement (Waitzman et al., 1988). Another possibility is that
itservesto integrate representations of spatial choice (Figure 3) with task outcome (i.e., whether
reward was received), which could be important for learning the relationship between actions
and their consequences and therefore the value of performing a particular action in a given
context (Sutton and Barto, 1998). Indeed, recent studies have shown that SC activity in rats is
modulated by the presence or magnitude of reward (Weldon et al., 2007; Weldon et al.,
2008), and it has been suggested that the SC is responsible for assigning value to stimuli and
actions via its projection to the substantia nigra (Redgrave and Gurney, 2006; Redgrave et al.,
2007).

Is the neural activity described here actually necessary for, or simply correlated with, locomotor
choices? To address this, we studied how movements were affected by inactivating the activity
in one SC with muscimol (Figure 8). Consistent with previous observations (Sinnamon and
Garcia, 1988;Wang and Redgrave, 1997), we found that choices were biased ipsilateral to the
inhibited SC (Figure 7Aand Figure 7B) and that contralateral reaction times were increased
(Figure 7C and Figure 7D). These data suggest an essential role for the SC in producing
contralateral locomotor responses (Figure 5B). Interestingly, we also found that reaction times
for locomotion ipsilateral to the inactivated SC were decreased (Figure 7C and Figure 7D).
This observation supports amodel in which locomotion direction is determined by the “winner”
of a competition between the left and right SC (Lo and Wang, 2006;McPeek and Keller,
2004). The idea is that inactivating the, e.g., left SC increases the probability that the right SC
will dominate the competition, resulting in a leftward choice. The competition may be
sharpened by inhibition between the left and right SC (Edwards, 1977), such that decreased
activity in one SC directly leads to increased activity in the other. Thus, our reaction time
analysis suggests that competitive interactions in the rat SC may be involved in selecting
upcoming choice direction (McPeek and Keller, 2004), a process that the SC has been proposed
to mediate in primates (Carello and Krauzlis, 2004;Glimcher and Sparks, 1992;Horwitz et al.,
2004;McPeek and Keller, 2004).

SC activity early in movement execution (Figure 5) may reflect the implementation of a
selection process, or acommand to initiate movement, that occurred in an efferent brain region,
such as the motor cortex or basal ganglia (Hikosaka et al., 2006;Lo and Wang, 2006). It is also
possible that the process of movement selection is distributed among several regions along the
sensorimotor pathway, from areas that process sensory input to those required for motor output
(Koulakov et al., 2005;Shadlen and Newsome, 2001). It is difficult to dissociate neural activity
underlying movement selection from that underlying movement execution in the context of
the task described here, since the rat is free to execute its movement as soon as it selects a
direction. Future electrophysiology studies could address the role of the SC in movement
selection more directly; for example, by recording neural activity during a delayed-response
version of the spatial choice task, in which the movement time and the presumed decision time
are temporally dissociated (Shadlen and Newsome, 2001).

Although we found some dependence of neural response properties on the depth of the
recording site (Figure 7), it is perhaps surprising that, given the differences in connectivity and
morphology between the intermediate and deep layers, we did not observe more striking
differences across layers (indeed, this is why they were combined in most of our analyses).
This may be due to a high degree of within-layer variability resulting from the fact that there
are several distinct cell classes within each layer of the rat SC (Saito and Isa, 1999), each of
which may exhibit a different pattern of activity. As molecular tools are developed that allow
for recordings targeted to specific cell-types (Aravanis et al., 2007), we may be able to identify
how each of these classes contributes to overall SC function.
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Since we did not record muscle activity or attempt to analyze detailed eye and head movements,
we do not know the precise relationship between the SC activity described here and the many
individual motor components underlying spatially-directed locomotor actions. For instance,
although we know that neural activity was recorded during, for example, locomotion to the
reward port (Figure 3 and Figure 4), we do not know whether this activity is most directly
coupled to the movement of the body in space, the head relative to the body, or even to the
spatial orientation of the head or body (Muller et al., 1996). It is likely that the locomotor
actions required by this task are accompanied by characteristic orientation of the head, neck,
and eyes, any of which could result in a systematic neural correlate of the spatial choice.
Furthermore, SC activity might also reflect motor commands sent in the absence of overt
movements (Corneil et al., 2002;Hadjidimitrakis et al., 2007). Although this is a limitation of
our results, it is worth noting that, for similar reasons, attributing SC activity to the appropriate
component of a gaze shift (i.e., acommanded eye or head movement) is considered problematic
in head-fixed primate studies as well (Sparks, 1999).

Several other brain regions in rodents are known to represent spatial and directional variables,
such as the hippocampus (O'Keefe and Dostrovsky, 1971), entorhinal cortex (Fyhn et al.,
2004), subiculum (Taube et al., 1990), orbitofrontal cortex (Feierstein et al., 2006), and
posterior cortex (Chen et al., 1994). It has been suggested that the SC provides spatial input to
some of these areas (Cooper et al., 1998). The fact that so many different areas represent spatial
information may reflect the importance that rats place on using spatial cues for wayfinding
(Moser et al., 2008). Future studies can build on the paradigm and findings described here to
address how the SC interacts with these other areas to mediate the processes necessary for goal-
directed spatial locomotion.

EXPERIMENTAL PROCEDURES

For more detailed explanations of procedures, see Supplemental Data.

Animal Subjects

Animal use procedures were approved by the Cold Spring Harbor Laboratory Institutional
Animal Care and Use Committee and carried out in accordance with National Institutes of
Health standards. Eight male Long-Evans hooded rats were used in these experiments. Rats
had free access to food but water was restricted to the behavioral session and approximately 1
additional hour per day.

Odor-Guided Spatial Choice Task

Rats were trained and tested on a two-alternative odor-guided spatial choice task in which the
identity of an odor was associated with the location of a water reward (Uchida and Mainen,
2003). In each trial of the task, the rat first entered the odor port, triggering the delivery of an
odor, and then moved to one of the reward ports to harvest the reward, if any (Figure 1B).
Odors were mixed with a pure air carrier and delivered at a flow rate of 1 I/min using a custom-
built olfactometer (Island Motion, Tappan, NY). In order to decorrelate the timing of port entry
and the delivery of odor (or water), opening of the odor (or water) valve was delayed following
entry into the odor (or reward) port by 200-500 ms (uniformly distributed). For pure odor
discrimination trials, the rat was rewarded at the left reward port following presentation of one
stimulus (e.g., S(+)-2- octanol), and at the right following presentation of the other stimulus
(e.g., R(-)-2-octanol). An incorrect port entry, or an absence of a port entry, resulted in no
reward. In mixture discrimination trials, the odor stimulus consisted of some fraction of each
of the two odors, achieved by setting differential rates of air flow through the two odor sources.
Using the odors in the example above, the rat was rewarded at the left if the dominant
component in the mixture was S(+)-2-octanol, and at the right if the dominant component was
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R(-)-2-octanol. For mixtures of equal concentrations, left and right choices were rewarded
with a probability of 0.5.

Two paradigms were used to determine the odors delivered in each session: a “mixtures”
paradigm, and a “novel odors” paradigm. For the neuronal recordings, each paradigm was used
for two rats. In each trial of the mixtures paradigm, the rat received either a pure odor (S(+)-
carvone or R(-)-carvone) or a mixture of two odors (S(+)-2- octanol and R(-)-2-octanol). In
each trial of the novel odors paradigm, the rat received either one of two familiar pure odors
(for one rat, caproic acid or hexanol; for the second rat, S(+)-2-octanol or R(—)-2-octanol),
which were used during every session, or one of two novel pure odors, which had not been
used prior to that session (Table S1). The odor presented in each trial was determined
pseudorandomly. Data collected during the two paradigms were combined for all analyses of
neuronal activity. For the inactivation experiments, the mixtures paradigm was used for all
four rats.

For the recording experiments, each rat was surgically implanted with a custom-made drive
(Feierstein et al., 2006) containing 6—12 independently adjustable tetrodes targeted to the left
SC (6.8 mm posterior to bregma and 1.7 mm lateral to the midline (Paxinos and Watson,
1998)). For the inactivation experiments, each rat was implanted with a steel cannula assembly
(guide and dummy cannulae, Plastics One, Roanoke, VA) targeted to the SC (4 mm from the
brain surface). Rats were allowed to recover for 5 days before water restriction resumed and
the recording or inactivation sessions began.

Neural Recording

Individual tetrodes consisted of four twisted polyimide-coated nichrome wires (H.P. Reid, Inc.,
Palm Coast, FL; single-wire diameter 12.5 um) gold-plated to 0.2-0.4 MQ impedance.
Electrical signals were amplified and recorded using the NSpike multichannel acquisition
system (L. Frank, J. MacArthur). Multiple single units were isolated offline by a combination
of an automated expectation maximization algorithm (Klustakwik, K. D. Harris) and by
manually clustering spike features derived from the sampled waveforms using MCLUST
software (A. D. Redish; Figures 2D and 2E). Tetrode depths were adjusted prior to each
recording session in order to sample an independent population of cells across sessions, and
their locations during each recording session were estimated based on their depth and later
confirmed histologically based on electrolytic lesions and on the visible tetrode tracks (Figures
2A, 2B, and 2C). Cells were not selected based on any criteria prior to beginning a recording
session. Rats performed between 180 and 500 trials per session (mean £ SD, 316 * 69), one
session was performed per day, and a total of 44 recording sessions were obtained from all
four rats.

Neural Data Analysis

All data analysis was performed using MATLAB (Mathworks, Natick, MA). To quantify the
dependence of firing rate on task variables (e.g., direction of locomotion), we used an algorithm
based on ROC analysis that calculates the ability of an ideal observer to classify whether a
given spike rate was recorded in one of two conditions (e.g., during leftward or rightward
movement) (Feierstein et al., 2006; Green and Swets, 1966). We defined “preference” as 2
(ROCg4rea — 0.5), @a measure ranging from —1 to 1, where —1 signifies the strongest possible
preference for one alternative and 1 signifies the strongest possible preference for the other
alternative. “Selectivity” was defined as 2(|ROCgeq — 0.5]), ranging from 0 to 1, where 0
signifies not selective, and 1 signifies maximal selectivity. Note that selectivity is equivalent
to the absolute value of the preference. Statistical significance was determined with a
permutation test: We recalculated the preference after randomly reassigning all firing rates to
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either of the two groups arbitrarily, repeated this procedure a large number of times (500 repeats
for analyses of dynamics [Figure 4 and Figure 6D], 1000 repeats for all other analyses) to obtain
a distribution of values, and calculated the fraction of random values exceeding the actual
value. For all analyses, we tested for significance at o = 0.01. This analysis is sensitive to both
absolute and relative differences in firing rates, and yielded very similar results to another

Rate, — Rate,
common metric of selectivity, Rate +Rate. (Figure S5). Only cells with a minimum number
of four trials for each analyzed cond‘ition, and with a firing rate above two spikes/s for either
of the analyzed conditions, were included in that analysis. For analyses based on movement
from the odor port to the reward port, trials in which the movement time was >1 s were excluded.
Our results were independent of the specific values selected for these criteria.

Inactivation experiments

Histology

To determine the appropriate dose of muscimol (Sigma-Aldrich, St. Louis, MO), for one rat,
we tested how the magnitude of the bias depended on the amount of muscimol infused. As
expected, larger doses of muscimol tended to produce larger ipsilateral biases (Figures S4A
and S4B). Since we observed an effect on choice behavior, but no gross behavioral deficits,
with 0.175 nmol of muscimol, we selected this dosage for our main experiments. Prior to each
session, the rat was anesthetized with 2% isoflurane (Vetland, Louisville, KY) and an infusion
pump (Harvard Apparatus, Holliston, MA) was used to administer 0.5 ul of either muscimol
(test sessions) or saline (control sessions) at a rate of 0.25 pl/min (Narayanan et al., 2006).
Animals recovered for at least 20 minutes before beginning the behavioral session.

1
Psychometric functions were fitted to P:m, where x is the proportion of the left odor
in the mixture ratio, p is the fraction of left choices, and a and b are the best- fit free parameters.

The bias of the curve was calculated as E+50. Depending on whether the left or right SC was
inactivated, the sign of the bias was flipped such that positive values reflect ipsilateral bias.
For our analyses of reaction times (Figure 8C and Figure 8D), we chose to combine odor
sampling duration and movement time because of the limits imposed by our method of
measuring the time of odor port exit on the accuracy of estimating these epochs separately.

In order to verify the ultimate location of the tetrodes, electrolytic lesions were produced after
the final recording session (Figures 2A and 2B). To verify the location of the cannula in the
inactivation experiments, Dil (Molecular Probes, Eugene, OR) diluted in 0.9% sterile saline
was infused into the SC after the final session (Figure S4C). Rats were then deeply anesthetized
with a cocktail of ketamine (Fort Dodge, Overland Park, KS) and medetomidine (Pfizer, New
York, NY) and perfused transcardially with 4% paraformaldehyde. The brain was removed
and stored in 4% paraformaldehyde, and was then sectioned at 50 pm and Nissl-stained.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Odor-guided spatial choice task and behavioral performance

(A) The task environment, showing the implanted rat in the odor port (left image) and the right
reward port (right image). In each session, two odors instructed the rat to enter the left reward
port, and two instructed the rat to enter the right reward port (Experimental Procedures).

(B) Timing of task events.

(C) Performance in the novel odors paradigm (2 rats). Running average (over 16 trials) of
fraction correct as a function of trial number for familiar odors (the pair presented in each
session [caproic acid vs. hexanol for one rat; S(+)-2-octanol vs. R(—)-2-octanol for one rat])
and novel odors (new pair each session [Table S1]). Thick line and shading, mean £ SEM.
Thin line, example session.
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(D) Performance in the mixtures paradigm (2 rats). Line shows best-fit logistic function. Error
bars, + SEM across sessions.

(E) Odor sampling duration (time between opening of odor valve and odor port exit) across all
trials, sessions, and rats. Note that this duration does not account for the delay between the
odor valve opening and the odor reaching the rat, since the delay is not relevant to the analyses
performed here.

(F) Movement time (time between odor port exit and reward port entry) across all trials,
sessions, and rats. Long movement times indicate trials in which the rat may not have moved
directly from the odor port to the ultimately selected reward port; trials with movement times
> 1 s were thus excluded from all subsequent analyses.
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Figure 2. Localization of recording sites and spike clustering

(A) Rostral-most confirmed recording site. Arrow shows representative electrolytic lesion
made after final recording session. Note tetrode track visible above lesion.

(B) Caudal-most confirmed recording site.

(C) Shaded area shows estimated mediolateral and dorsoventral extent of recordings,
reconstructed from lesions and visible tetrode tracks. InG, intermediate gray layer; DpG, deep
gray layer; InW, intermediate white layer; DpW, deep white layer.

(D) Peaks of waveforms from lead 4 plotted against peaks of waveforms from lead 3 of one
tetrode for a representative recording session. Red and green points show waveform peaks
recorded from distinct cells. 10,000 points are shown.

(E) Mean £ SD waveforms recorded on all 4 leads, corresponding to red and green points in

(D).
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Figure 3. Direction preference during locomotion to reward port

(A) Rasters and perievent histograms for an example cell recorded during the novel odors
paradigm that prefers contralateral movement. i: Trials in which the reward port ipsilateral to
the recording site (left SC) was selected. Each row shows spikes (black ticks) in 1 trial, aligned
to time of odor port exit (green line). Orange ticks, times of reward portentry. Trials are grouped
by odor and within each group are sorted by movement time (Figure 1F). For these and
subsequent rasters, 25 pseudorandomly selected trials are shown per category (unless fewer
than 25 trials in that category were performed). Note that no Odor B trials are shown because
the rat did not choose the ipsilateral (left) reward port during Odor B trials in this session. ii:
Trials in which the contralateral (right) reward port was selected, organized as above. iii:
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Perievent histograms showing average activity across trials. Histograms are averaged across
odors, and smoothed with a Gaussian filter (2 = 23 ms).

(B) Same as (A), for a second cell preferring the ipsilateral choice during locomotion.

(C) Histogram of choice preferences across population (210 cells that met criteria for trials and
firing rate [Experimental Procedures]). Gray box in task events diagram shows epoch in which
preference was calculated; green arrowhead, odor port exit; orange arrowhead, reward port
entry).

(D) Preference calculated during correct trials plotted against preference calculated during error
trials, within each odor pair. Similar values for correct and error trials indicate that firing rate
is modulated by movement direction, and not by odor identity.
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Figure 4. Dynamics of direction preference preceding and during locomotion

(A) Upper, perievent histograms during locomotion for one cell. Lower, corresponding
“preference curve.” Each point (e.g., in gray circle) corresponds to the direction preference
(Experimental Procedures) calculated in the surrounding 200 ms window (e.g., gray box in
perievent histograms).

(B) Preference curves for all significantly direction-selective cells (P < 0.01, permutation test;
152 cells), sorted by time of center of mass of preference curve. Each row corresponds to one
cell. Preference curves were calculated by sliding the 200 ms window by 20 ms increments.
Trials are aligned to odor port exit. Color scale shows significant preferences (P < 0.01,
permutation test; positive values correspond to the preferred direction calculated during the
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entire movement time [as in Figure 3C]). Gray boxes indicate bins with nonsignificant
preferences (P > 0.01, permutation test) or with fewer than 15 ipsilateral or contralateral trials.
Black dots, centers of mass of preference curves. Note that for some cells, the preferred
direction changes during locomotion (corresponding to the blue bins).

(C) Time of first significant preference bin, relative to odor port exit, for each cell.

(D) Time of center of mass of preference curve, relative to odor port exit, for each cell.

(E) Duration of significant positive preference for each cell.

Neuron. Author manuscript; available in PMC 2009 October 9.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Felsen and Mainen

A

Odor A
(correct)

Odor C
(correct)

Odor D
(error)

Odor B
(correct)

Odor D
(correct)

Odor C
(error)

Firing rate (Hz)

Trial # Trial # —_—

Trial #

Trial # TriaI #

Trial #

Ipsi. choice
i":IFT f\ll:lllly ﬁl”’}éll ' 'T" -
Wakadie | "Am difl' Iil ' th
ulillh“v ||d } 5 ";.”. ! ,

|||"|"“||||'u ||| J "oy

'Y hthllhlllf‘.l l"l"‘ nln o

|I|I|u|||l pragna
k‘!ﬂf“ |I | |J||°|;ﬂlll' Wy, on!

p | n Nl % ! wl
|l|u|||||H||l n hlll L R 'r
RARRNLE TR T

|||||'|"'||'fl'|a:aH l,I" 1 I|"|||I|,|
qynn
| ' Y T

l
|l|'|in| *‘"ll b Iy Ay
[} [}

i iy
“ 5'!" ||'||||||J "l uis "
vty

Contra. choice

'filliﬂn' '\nnil' Il'j L1
W P‘il ||Ifll"l e,
.IF,F. \ | |I f\ln | "J.ll
'F"“ |f‘m||f g ey |||'
|| l:||| ' "|!EI """I"I'I"l Y

r""' " .|-."..,|- )'\J}H b,

hM'h " m

fHuly . § [t |'|J||

Pllll uli {Hl‘ UMD
' l-ku\:.lg"-q"- U ".‘I'.'..‘ - |
I III ‘ ““" i\ o
e ﬂ"{ﬁ UL
IIIII!I pq‘ :ll Iﬂ.‘“{l'l |I
l"ﬁ‘l \{'I |”|1 o UL y
1" |||||||||
. ...“.'.'g. YR
||||| |||| | ”"
I w.m.' f.l '?
" " IIJ ‘ } ]If lII '(l
[N RN | || ul 4 L
— |psi., correct
—_—— Ipsi.,error
Contra., correct
— — Contra., error

-1 0
Time from odor port exit (s)

0.5

# Cells

C

Preference, error trials

40

Page 21

\/
[ | Odor port
[ 1 Odor valve
___ |1 waterport
[ Water valve
=P <0.01

Not significant

ol e

0 —
1 (Ipsi.) 0 (Contra.) 1
Preference
1 .
e P <0.01, correct
e P <0.01, error ()
—~ [|# P<0.01, both e
© Not significant ® o
_E o : o® . ° 9
o [ ] ° LY ° ) °
O . ° * .
~ ° :’ °
o. °
0 b4 . .. [y
° Ld | o ®
a ° °
2
-1 :
1 (Ipsi.) 0 (Contra.) 1

Preference, correct trials

Figure 5. Direction preference preceding locomotion to reward port
(A) Rasters and perievent histograms for an example cell that prefers upcoming contralateral
choice. i: Trials in which the ipsilateral reward port was selected, aligned to time of odor port
exit (green line). Orange ticks, times at which odor valve opened. Trials are grouped by odor
and within each group are sorted by odor sampling duration (Figure 1E). ii: Trials in which the
contralateral reward port was selected, organized as above. iii: Perievent histograms showing
average activity across trials.
(B) Histogram of direction preferences across population (199 cells that met criteria for trials
and firing rate [Experimental Procedures]). Gray box in task events diagram shows epoch in
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which preference was calculated (100 ms preceding odor port exit); orange arrowhead, odor
valve open; green arrowhead, odor port exit.

(C) Preference calculated during correct trials plotted against preference calculated during error
trials, within each odor pair.
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) Figure 6. Persistence of direction selectivity after locomotion
> (A) Perievent histograms, aligned to different task events (odor port exit, reward port entry,
,13 and reward port exit), for an example cell that prefers contralateral choice only during
= locomotion to the reward port.
=) (B) Asin (A), for a cell in which ipsilateral preference is maintained while the rat is at the
< reward port.
% (C) Abscissa shows selectivity (i.e., magnitude of preference) during locomotion to the reward
% port. Ordinate shows relative preference while at the reward port (starting at reward port entry
=) and lasting 500 ms). Positive values indicate preference for the same side while at the reward
=1 port as during locomotion, negative values indicate preference for the opposite side. Only cells

that significantly prefer a direction during movement (P < 0.01, permutation test) and that met
criteria for trials and firing rate (Experimental Procedures) are shown (132 cells). Black circles,
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cells with significant preference at the reward port (P < 0.01, permutation test) for the same
(filled) or the opposite (open) side as during the movement; gray filled circles, no significant
preference at the reward port. Black line, best fit line to solid black points. Gray dashed line,
y=0.

(D) Preference curves (calculated as described in Figure 4) for all significantly direction-
selective cells (P < 0.01, permutation test; 152 cells), aligned to reward port entry and sorted
by length of uninterrupted time following reward port entry during which direction selectivity
persisted. Color scale as in Figure 4B.
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Figure 7. Depth-dependence of direction and outcome selectivity

(A) Direction selectivity preceding locomotion (Figure 5) as a function of recording depth,
which ranged from the dorsal-most aspect of the intermediate layers to the ventral- most aspect
of the deep layers (Figure 2). Data shown are from same cells as in Figure 5B. Slope of
regression was significantly positive (P < 0.01, bootstrap resampling).

(B) Direction selectivity during locomotion (Figure 3) as a function of recording depth. Data
shown are from same cells as in Figure 3C. Slope of regression (black line) was not significantly
different from zero (P = 0.25, bootstrap resampling).

(C) Time of center of mass of preference curve during locomotion (Figure 4) as a function of
recording depth. Only cells that were direction-selective during, but not preceding, locomotion
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are included (103 cells that met criteria for trials and firing rate). Slope of regression was
significantly negative (P < 0.01, bootstrap resampling).
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Figure 8. Unilateral reversible SC inactivation
(A) Psychometric curves during example sessions in which 0.5 pl of either 0.04 mg/ml
muscimol (black circles) or 0.9% saline (gray circles) was infused into the left SC. Saline was
infused during the session before (filled circles) and after (open circles) the muscimol session.
1 session was performed per day. Lines show best-fit logistic functions. Error bars, + SEM.
(B) Biases of psychometric functions for saline sessions (mean of pre and post) and
corresponding muscimol sessions, calculated from the best-fit logistic function (Experimental
Procedures). Positive values reflect ipsilateral bias (i.e., a preponderance of choices ispilateral
to the side of infusion). Bias was more ipsilateral during muscimol than saline sessions in nearly

all cases.
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(C) Distribution of reaction times (odor sampling duration + movement time) for ipsilateral
(blue) and contralateral (red) trials during the same sessions shown in (A) (see legend).

(D) Mean reaction times during muscimol sessions plotted against mean reaction times during
corresponding saline sessions for contralateral (red) and ipsilateral (blue) choices. Filled circles
show individual sessions in which muscimol reaction times were different from saline reaction
times (P < 0.01, t-test). Error bars, + SEM.
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