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Abstract

Animals must continuously move through the environment in pursuit of the
goals required to maintain homeostasis. In vertebrates, this is accomplished through an
ever-changing pattern of muscle contraction in a complex body, and coordinated by a
hierarchy of neural circuits acting in parallel. At the lower levels of this hierarchy, spinal
circuits control muscle force and length. One level above that, brainstem, midbrain and
cortical circuits control various aspects of body configuration as well as a number of self-
contained motor functions including locomotion and orientation. A still-higher level of
organization is controlled by the basal ganglia, a set of subcortical nuclei that appear to
be responsible for continuously orchestrating the extent and direction of various motor
programs and body configurations for the sake of controlling a still higher level of
perceptual variable, such as proximity to food. In this way, the basal ganglia orchestrate
the performance of motor functions to achieve a single goal in the same way that a
conductor orchestrates the performance of musicians in a symphony to achieve a single
song.

Despite the continuous and graded nature of animal behavior, researchers have
traditionally studied the basal ganglia in the context of highly controlled experimental
tasks or neglected to record continuous measures of behavioral outputs. To address this
gap, the following experiments were designed investigate role of the basal ganglia in

continuously modulating unconstrained goal directed movements. In the first set of



experiments (chapter 2), mice stood on a small covered perch which was continuously
tipped left and right along the roll plane while neural activity was recorded wirelessly.
During each recording session, mice were exposed to slow and fast speeds of postural
disturbance. Pressure pads were mounted in the left and right floor of the perch to
monitor mouse movement. In both putative dopamine and GABA neurons, we found
two basic patterns of neural activity; one class of cell increased firing with tip to the left
and decreased with tip to the right while the other class decreased firing with tip to the
left and increased with tip to right. This correlation between neural firing rate and
instantaneous postural disturbance is continuous and very high. The correlation is seen
for both slow and fast disturbances. The majority of cells recorded fell into one of these
two categories. Pressure pad readout, as expected, revealed paw forces on the left pad
to increase with tilt to the left and decrease with tilt to the right while the opposite
pattern was observed on the right pad. These results show continuous and graded
modulation of activity in the substantia nigra during performance of an ongoing motor
task and suggest that BG outputs, rather than monolithically disinhibiting brainstem
motor structures, instead coordinate behavior by continuously specifying desired states
of lower motor systems.

In the second set of experiments (chapter 3), we employed continuous motion
tracking of the head in parallel with neural recording from the substantia nigra pars
reticulata during a simple goal-directed task. In this study, mice were water deprived

and then positioned on a perch equipped with a movable drinking spout. During each



session, mice performed a simple reward-guided task in which sucrose solution was
delivered in small quantities after the presentation a cue. The purpose of this task was
to elicit voluntary head movements and to investigate the continuous relationship
between these movements and the activity of GABA output neurons.

A typical reward-directed behavior involved the movement of the whole head
and body to collect the sucrose solution following its delivery. However, movements
during each individual trial were unique. For all movements, the majority of GABA cells
were found to either positively or negatively correlate with either X or Y axis vector
components of head position. These correlations were very high, and not due to
averaging artifacts as trial-by-trial correlation between movement and neural activity
can be clearly observed. These correlations were also independent of the presence of a
reward. These data show for the first time a continuous and quantitative relationship
between basal ganglia output and body posture. It is hypothesized that these signals
represent reference signals sent to downstream postural and orientation controllers. In
this case a baseline level of GABA activity would represent neutral reference position,
and changes in activity above and below this level represent increased or decreased
reference positions.

In the third set of experiments (chapter 4), we recorded from dopamine neurons
in the substantia nigra pars compacta during the same task as in chapter 3. The purpose
of this task was to investigate the correlation between dopamine activity and

movement kinematics during goal-directed behavior. Animals were found to produce
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movements at the onset of the cue and also at reward delivery. Dopamine-classified
cells show phasic firing or pausing at the onset of each of these movements. When
compared to head movement kinematics, these patterns of neural activity correlate
highly with different vector components of head acceleration and velocity; up, down,
left and right. Importantly, these correlations are continuous and exist throughout the
entire recording session. These correlations are also independent of the presence of
reward. To test the ‘causality’ of these observed patterns, we also employed
optogenetics to stimulate substantia nigra dopamine neurons expressing
channelrhodopsin 2 (Chr2) while head movements were recorded and quantified. We
found that stimulation of ChR2-expressing animals could elicit head movement while
stimulation of control animals had no effect. Combined, these data suggest that
dopamine is responsible for controlling the velocity of transitions between different

body postures.
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rates in neurons from the four different classes. Each graph represents the range of
baseline firing rates from a single session. Data from all mice with multiple neurons from
a class are shown. There is considerable variability in baseline firing rates, although the
correlation with position coordinates is highly similar. (C) Distribution of firing rate
modulation (% of baseline) per millimeter. Most neurons show comparable degree of
modulation relative to movement amplitude.........coccevvvvecierene e e 75
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Figure 15. Relationship between firing rate and Cartesian coordinates is similar for both
reward and air puff trials. (A) Left: firing rate of a Y+ neuron in relation to air
puff/reward. The activity of the same neuron from both types of trials is shown. Right:
example movement trajectory for air puff and reward trials. The correlation between
neural activity and Cartesian coordinates is high on both sucrose reward trials and air
puff trials. (B) Firing rate of a Y- neuron. Same as above. (C) Distribution of r values of all
neurons recorded during both reward and air puff trials........cccccooveeevececeececceee, 76

Figure 16. Single-unit activity from a single electrode compared with LFP signal from the
same electrode. (A) Probability of co-occurring neurons recorded from the same
electrode. (B) lllustration of the per-reward change in x and y-coordinates during a
single session. (C) From the same session, 2 X+ neurons and 2 Y- neurons are shown
with their waveforms. All cells show high correlation with position coordinates.
Correlation analysis is performed on data from a 10s perireward time window (5s before
and 5s after reward delivery). (D) LFP recorded from the same electrode as X cell #1.
Correlation between LFP and position coordinates is much weaker. (E) The distribution
of r values for all the recorded LFP channels. Of the 166 LFP channels analyzed, only 15
showed significant correlation with position coordinates (colored, p <0.001). Thus, when
activity is summed from different types of neurons, the resulting correlation between
neural activity and position is weaker. The relatively rare examples of LFP being highly
correlated with position coordinates suggest that neurons belonging to a particular class
(e.g., X+) might be located close to each Other..........ccucieieieiciciceeeeer e 80

Figure 17. Schematic illustration of different types of neurons. (A) lllustration of
hypothetical mouse movement in relation to the neural activity. The firing rates of the
four types of neurons are shown. For this hypothetical example, 1 spike/s is equal to 1
unit of change in x or y-coordinate. The units are arbitrary. The starting position is (9, 9).
(B) The mouse moves to its left and up. The LED position changes to (11, 11). (C) Right,
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(3,2). (D) Schematic illustration of the relationship between neural activity in relation to
movements in four directions. The illustration of neural activity does not represent
actual data because we did not record all four types of neurons from a single animal
during a session. Opponent activity was observed during movement in any direction. For
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Figure 18. Left + (X+) neuron increases firing during leftward movement and decreases

firing during rightward movement. (A) Detailed illustration of the correlation between
firing rate and x-coordinates on a trial-by-trial basis. Neural activity and x-coordinates
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from 10 consecutive trials are shown. Each row represents a single trial. (B) Neural and
position data from a single trial are selected and compared. x-axis position changes
during each movement are reflected in the firing rate of this neuron. The mouse moves
to the right to consume sucrose. The activity of the neuron decreased during the
rightward movement and then increased when the mouse moves left again to recover
its initial starting position. (C) Average firing rate changes and changes in different
movement parameters. In this example, the y-component of the movement is much
smaller. The plots on the right show velocity and acceleration data for the same
movements. (D) Using an egocentric reference frame, the direction of firing rate
changes corresponds to the direction of movement. There was a positive correlation
between neural activity and position change in a leftward direction (r=0.99, p<0.001).
The correlation with the non-preferred Cartesian axis is also shown. The diagram on the
right shows the gradient of firing rate in relation to position coordinates...........cccceu.e.... 82

Figure 19. Right (X-) neuron increases firing during rightward movement and decreases
firing during leftward movement. (A) Detailed illustration of the correlation between
firing rate and x-coordinates on a trial-by-trial basis. Neural activity and x-coordinates
from 9 consecutive trials are shown. Each row represents a single trial. (B) Neural and
position data from a single trial are selected and compared. x-axis position changes
during each movement are reflected in the firing rate of this neuron. (C) Average firing
rate changes and changes in different movement parameters. The plots on the right
show velocity and acceleration data for the same movements. (D) Using an egocentric
reference frame, the direction of firing rate changes corresponds to the direction of
movement. There was therefore a negative correlation between firing rate and raw x-
coordinate value but a positive correlation between firing rate and distance in the
rightward direction (p<0.001). The correlation with the non-preferred Cartesian axis is
also shown. The diagram on the right shows the gradient of firing rate in relation to
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Figure 20. Up (Y+) neuron increases firing during upward movement and decreases firing
during downward movement. (A) Detailed illustration of the correlation between firing
rate and y-coordinates on a trial-by-trial basis. Neural activity and y-coordinates from 10
consecutive trials are shown. Each row represents a single trial. (B) Neural and position
data from a single trial are selected and compared. (C) Average firing rate changes and
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shown. The diagram on the right shows the gradient of firing rate in relation to position
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Figure 21. Down(Y-) neuron increases firing during downward movement and decreases
firing during upward movement. (A) Detailed illustration of the correlation between
firing rate and y-coordinates on a trial-by-trial basis. Neural activity and y-coordinates
from 10 consecutive trials are shown. Each row represents a single trial. (B) Neural and
position data from a single trial are selected and compared. (C) Average firing rate
changes and changes in different movement parameters. The plots on the right show
velocity and acceleration data for the same movements. (D) Using an egocentric
reference frame, the direction of firing rate changes corresponds to the direction of
movement (p<0.001). There was therefore a negative correlation between firing rate
and raw y-coordinate value but a positive correlation between firing rate and distance in
the downward direction (p<0.001). The correlation with the nonpreferred Cartesian axis
is also shown. In this case, the correlation with distance traveled in the leftward
direction is also high because the movement is nearly diagonal, so that the x and y-
position changes are similar. However, the correlation with y is still considerably higher,
and trial-by-trial examination of the data confirms that this neuron is selective for the y
component of the position vector. The diagram on the right shows the gradient of firing
rate in relation to position COOrdiNAates........uuiiiireieeiieeieie e e 85

Figure 22. Hypothetical BG circuit. SNr neurons receive projections from the striatum
and external globus pallidus, via the direct (D, striatonigral) and indirect (I,
striatopallidal) pathways. Although these projections are GABAergic, the net effect on
the SNr can be either inhibitory or excitatory (disinhibitory), since changes can occur
above or below baseline firing rate. In this model, outputs from both direct and indirect
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Similar to reciprocal inhibition in the spinal cord, the proposed circuit generates
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with any movement (e.g., upward and rightward), as movements usually have both
horizontal and vertical components. The total output (number of spikes) from a
particular striatal module represents the magnitude of the isolated position vector
component, and the firing rate represents velocity (Kim et al., 2014). Using the outputs
from different vector component modules, this circuit can perform vector addition to
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Figure 23. Illustration of a hierarchical ‘x-axis’ orientation control system with an output
function consisting of two muscles. A-D comprise a schematic showing a perceptual
control hierarchy with perceptual inputs in green, error signals in red and reference
signals in blue. (A) Transition control. This is the level of the basal ganglia. The x-
orientation reference signal is generated by output of ‘X+" and ‘X-’ neurons of the SNr.
(B) Configuration control. This level is controlled by brainstem motor regions and motor
cortex via the pyramidal tract. (C) Muscle length control by the spinal cord. (D) Muscle
force control by the spinal cord. (E) Diagram showing the relationship between muscle
length and bend along the x-axis of the spinal joiNt.......ccccoverierie e, 92

Figure 24. Behavior and video tracking in unrestrained mice. (A) Mice perched on an
elevated platform housed in a tube, wearing a miniaturized 16 channel wireless
headstage (~3.8g). The camera (not shown) is facing the animal. (B) lllustration of
movement trajectory. The mouse starts to move following presentation of the cue (CS),
and moves again following the presentation of the reward (US, 13ul 20% sucrose
solution). Each color illustrates the path on a single trial, showing variability from trial to
trial. (C) lllustration of the Pavlovian trace conditioning task used (Barter et al., 2015).
(D) Cartoon illustration of the movements. Top row illustrates movement toward the
spout; bottom row illustrates movement back to the starting position. (E) Illustration of
movement tracked by the head LED. Pressure pads were placed underneath the animal,
so that changes in pressure exerted by the hind paws can be measured. Pressure pad
measures as well as video tracking of the tail demonstrate that the movements were
not restricted to the head. Position coordinates are mm from frame edge...................... 99

Figure 25. Identification of DA neurons in the substantia nigra. (A) Classification of a
putative DA neuron and a non-DA neuron using principal component analysis (PCA). (B)
Representative waveforms of putative DA neurons. (C) Summary of electrode
placements shown in coronal brain sections take from the Allen Brain Atlas (Lein et al.,
2006). (D) Average firing rate and spike width (FWHM, full width at half maximum) of
putative DA neurons and non-DA neurons. DA neurons are characterized by lower firing
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Figure 26. “Burst” DA neurons show positive correlation with kinematic variables. (A)
Firing rate of representative neuron showing positive correlation with vector
components of velocity and acceleration. Two major movements are detected during
the trial, one in response to the cue and the other in response to reward delivery. These
are displayed separately. “Velocity up” means velocity in the upward direction. Blue
arrows indicate movement direction, but note that only the vector components are
indicated. Actual movements would consist of both x and y-components. The
correlation analysis uses data displayed in the raster plots below. A 1s peri-event
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window (either cue or reward) was used. (B) Peri-event raster plots of the neurons and
the correlated kinematic variables. (C) The major alternative kinematic variables are
shown. These are not highly correlated with neural activity as determined by our
unbiased cross-correlation
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Figure 27. “Pause” DA neurons is negative correlated with kinematic variables. (A) Firing
rate of representative neuron showing negative correlation with vector components of
velocity and acceleration. Two major movements are detected during the trial, one in
response to the cue and the other in response to reward delivery. These are displayed
separately. (B) Peri-event raster plots of the neurons and the correlated kinematic
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Figure 29. Selectivity of DA responses. To illustrate the direction selectivity of DA
neurons, we compared the session-wide cross-correlation between neural activity and
velocity in opposite directions. Shown are two examples in which the cell is positive
correlated with movement in one direction and negatively correlated with movement in
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Figure 30. Correlation between firing rate and acceleration is similar on appetitive
(sucrose reward) and aversive (air puff) trials. (A) An example of a positively correlated
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differed significantly between reward and air puff trials, but the upward components of
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Figure 31. Population data for DA neurons on rewarded and air puff trials. (A) Different
classes of DA neurons show comparable firing rates. (B) Using cross correlation analysis,
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Figure 32. Lateralization of direction-specific neurons. Among velocity-related DA
neurons, there are more rightward neurons in the left nigra, and more leftward neurons
in the right nigra. There was no significant lateralization among acceleration-related
neurons, though the sample size is much smaller........ccoireone i 117

Figure 33. Expression of channelrhodopsin 2 in dopamine neurons in Th::Ai32mice. (A)
Locations of bilateral optic fibers based on histological verification of coronal brain
slices. Representative GFP fluorescence, indicating ChR2 expression, is co localized with
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Figure 34. Optogenetic stimulation of DA neurons can elicit movements.(A) To mimic
burst firing of DA neurons, we selectively stimulated DA neurons using optogenetics. We
generated a transgenic mouse line (Th-CrexAi32) to selectively express ChR2 in DA
(tyrosine hydroxylase-positive) neurons. A brief stimulation at 40Hz (3ms pulse width,5
pulses) generated movement, in the ChR2 (Th::Ai32) mouse but not in a control mouse
(Th-Cre) that also received the same light stimulation. Control mice were implanted with
fibers and stimulated using identical procedures. Red trace represents movement
trajectory. (B) Peak speed and distance forChR2 (Th::Ai32) and control (Th-Cre)
mice.*p<0.05. (C) Left, movement kinematics plotted for different stimulation
frequencies(11, 15, and 25Hz,3ms pulse width, 1 s duration. (D) Peak speed during
stimulation train and distance traveled (at the end of the train) at different stimulation
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Figure 35. Detailed movement kinematics during optogenetic stimulation.

(A) Representative horizontal (x) and vertical (y) components of the movements in a
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Figure 36. Comparison of putative nigral GABA and DA neurons from the same electrode
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XXiv



accompanied by an increase in DA firing. Note that these projections are mostly
collaterals of fibers terminating in other areas such as the tectum and thalamus. Cross-
correlogram shows the relationship between DA firing and the derivative of the GABA
output from the entire session.(B) Another example illustrating the relationship
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receptors can also potentiate GABA release at the striatonigral terminals (Chuhma et al.,
2011), whereas activation of D2receptors can reduce GABA release at the pallidonigral
terminals (Connellyet al., 2010; de Jesus Aceves et al., 2011). The net effect is consistent
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1. Introduction

1.1. Homeostasis and motor behavior

A defining property of living things is that they actively defend their internal
stability against a changing and unpredictable environment. When this internal stability
is challenged by some changing environmental condition, energy-requiring protective
mechanisms work to oppose the effects of that change. This state of internal stability is
called homeostasis (Cannon, 1935), and the process of defending it is called
homeostatic control.

Homeostatic control consists of the regulation a large number of interdependent
internal variables including temperature, water, oxygen, energy stores, and physical
integrity (Cannon, 1935). Depending on the species, these variables can be regulated
through a diverse set of functions. For example, when exposed to cold temperature a
mammal may contract surface blood vessels to reduce exposure of warm blood,
increase metabolic activity, or shiver (Cannon, 1935). But the most generalizable and
effective of functions for defending internal stability is motor behavior; rather than
remaining stationary and being forced to defend against disturbances from a single
spot, organisms with the capacity for movement can quickly improve their surrounding
environment by moving through it.

In single-celled organisms this strategy is ubiquitous. Bacteria move constantly

through the environment; seeking nutrients and avoiding injury by detecting relevant



chemical gradients and controlling patterns of rotation in flagella anchored to the cell
membrane in such a way as to move up favorable gradients and down noxious gradients
(Manson, 1998). Other single-celled organisms such as protozoa exhibit similar but even
more complex motor behaviors owing to their relatively more elaborate sensory
systems (Naitoh, 1974; Swanson, 2003). However, in multicellular organisms, motor
behavior is a significantly more complex problem because it requires the fast
coordination of a large body of individual cells. Of all multicellular organismes, this
capacity is only found in animals and requires a nervous system, whose essential
function is fast communication between cells. Several properties of neurons make them
especially good at this task; they are sensitive, they communicate rapidly and over a
long range, and their inputs and outputs are spatially restricted so that they can be
highly localized at relevant parts of the body (Swanson, 2003). In vertebrates, the motor
function of the nervous system is clearly evident in its basic architecture; a head with a
condensation of specialized sensors pointed in the direction of movement contains the
brain, which projects a nerve cord into the body for commanding muscles (Swanson,

2003).

1.1.1. Motor behavior and homeostatic control
In computational terms, homeostatic regulation constitutes a biological negative

feedback control system, continuously sensing deviations in variables from desired



levels and producing corrective outputs (Woods et al., 1998). First discovered in the
1930s (Black, 1934), tellingly, as a method to replace human operators of simple output
systems, negative feedback control systems have three essential parts; an input function
capable of sensing the environmental variable to be controlled, a comparator function
which compares the perceived value with an internally specified reference value to
calculate the error between them, and an output function which amplifies the error and
turns it into a proportional command signal to an effector capable of acting through the
environment to reduce the error (Powers, 1973). To use the classic example of a
thermostat; the input function measures the current room temperature, the
comparator function compares the current room temperature to the reference room
temperature or ‘set point’ and generates an error, and the output function amplifies
that error and, depending its sign, uses it as a command signal to engage either the air-
conditioner or furnace proportionately to the error. A properly functioning thermostat
holds the room constant at the reference temperature.

Thus, a more precise way to frame motor behavior is as the output function of a
biological control system; in the same way that a thermostat adjusts outputs in a
furnace or air-conditioner to control sensed room temperature; the brain adjusts
outputs in the motor system to control internally sensed homeostatic variables. For
example, an animal may move through space to pursue food as a means of regulating
blood glucose, or to pursue warmth as a means of regulating body temperature.

However, unlike temperature control by a thermostat in which errors are reduced



simply by increasing and decreasing monolithic output signals to dedicated heating and
cooling devices, homeostatic control in an animal requires that certain errors be
transformed into extremely complex and dynamic patterns of muscle output in a

multipurpose body.

1.2. Motor coordination and the basal ganglia

An animal must continuously achieve the changing goals that add up to
homeostasis; a hungry animal must seek food and a cold animal must seek warmth, or
else it will likely die. In an ever-changing environment the outputs required to achieve
these goals must also change; the paths of escape taken by a prey animals, the exact
distribution of food in the environment, and the terrain are all constantly changing and
require constant adaptation of motor output if the animal is to remain successful. Thus,
motor behavior consists of an ever-changing set of active motor functions, which are
themselves continuously varying in extent and direction. Certain motor functions, such
as locomotion and postural control, must occur together. Certain other motor functions,
such as turning and forward-locomotion, can both occur at once or in close sequence
without either one failing entirely. Certain other motor functions such as approach and
escape, or forwards and backwards locomotion are completely incompatible. Motor
functions can also occur with different intensities, such as speed of locomotion and

degree of turning, which can affect the degree of conflict between them. An important



task of higher brain structures is therefore to coordinate the identities, directions and
relative intensities of ongoing motor functions to minimize conflict while maximizing
overall effectiveness in pursuit of a higher goal. The basal ganglia (BG), a set of
subcortical nuclei which lie just above the brainstem are thought to be important in

accomplishing this task.

1.3. Review of basic motor functions

In order to understand the role of the BG in coordinating motor functions, it is
first necessary to have an understanding of the motor functions themselves. In the
following section, we review some of the most basic and common motor functions and

their neural substrates: locomotion, postural control and orientation.

1.3.1. Control of locomotor rhythm and joint angle by central pattern generators
Locomotion is characterized by rhythmic patterns of whole body movement
driven by underlying patterns of muscle contraction and relaxation. Animals may swim,
crawl, hop, walk or fly at different speeds and through different media, but a common
feature of all of these movements is their rhythmicity (Alexander, 2003). Neuronal
circuits known as central pattern generators (CPGs) are responsible for producing the

patterns of muscle contraction underlying locomotor movements (Delcomyn, 1980).



GPGs may also be employed non-rhythmically as simple joint-angle controllers, such as
during turns and postural corrections (Fagerstedt and Ullen, 2001).

Some of the most well characterized CPGs are those of the lamprey, an order of
eel-like jawless fish with all of the basic features of the mammalian nervous system but
with orders of magnitude fewer cells (Grillner et al., 1995). Lamprey swimming is
characterized by a lateral bending wave which travels anterior to posterior and pushes
the animal forward in the water. This bending wave is produced by the sequential
activation of 100 different segments along the length of body (Grillner and Wallen,
2002). Each segment contains a coupled oscillator circuit composed of two reciprocally
inhibiting burst generators, each of which causes contraction of ipsilateral muscles when
activated. Oscillation in the circuit therefore causes rhythmic left-right bending in the
body segment, while stable activation of one burst generator causes stable bending of
the body segment to one side. Sensory feedback from stretch receptors with
contralateral inhibitory projections is thought to be important for coordinating the
sequential activation of neighboring segments into a whole-body bending wave (Tresch
and Kiehn, 2000), and in adapting muscle output to environmental conditions through
forms of negative feedback (Ekeberg and Grillner, 1999).

In legged animals and particularly higher vertebrates, CPGs are much less well
understood owing to the complexity of legged locomotion (Guerton et al., 2009).
However, the underlying neural control of these patterns may not be significantly

different from that of lamprey (Rauscent et al., 2006). The essential pattern of muscle



output seen in quadrupedal locomotion may be partially modeled by assuming that
each limb behaves as an independent lamprey spinal cord in which each joint is
analogous to a pair of coupled burst generators (Grillner, 2006). Different patterns of
muscle contraction, such as those seen during different gaits, can also be simulated by
slightly altering the reciprocal connectivity between different burst generator chains

across the body (Grillner, 2006).

1.3.2. Brainstem control of central pattern generator circuits

CPG circuits form the basic structure of locomotor movements and postures, but
these are ineffective without a higher level of organization. If an animal cannot stay
upright then locomotor movements will only serve disorient it further, and if an animal
cannot steer then locomotion cannot be directed towards or away from anything
relevant. This next level of locomotor organization is thought to be coordinated by
descending influences from the brainstem. These descending influences can be divided
into three major pathways controlling movement: vestibulospinal, reticulospinal,
rubrospinal (Squire et al., 2003). Although these pathways normally work together at
many levels (Mann, 1981), they are known to control different properties of movement.
The rubrospinal tract preferentially innervates distal musculature and is thought to be
less important for locomotor behavior. The vestibulospinal and reticulospinal (RS) tracts,

in comparison, are essential for effective locomotor behavior. These tracts preferentially



innervate the proximal muscles of the trunk (Squire et al., 2003). Animals with lesions to
this system show ataxia of proximal muscles and fall over when they attempt to
locomote despite having in-tact fine motor control over extremities (Squire et al., 2003,
Eidelberg, 1981).

In lamprey, the RS tract provides direct control and drive to spinal CPGs. RS cells
are arranged in a bilaterally symmetric fashion (Brocard and Dubuc, 2003) and send the
majority of their projections ipsilaterally (Fagerstedt et al., 2000). Together, these
descending projections exert their influence over the entirety of the spine (Zelenin et
al., 2001). The exact pattern of this influence on spinal motor neurons has been
investigated and up to 20 different distinct patterns have been observed (Zelenin et al.,
2001). In legged mammals, RS projections provide postural tone (Mori et al., 1982) and
project widely and without strong somatotopic organization (Magoun, 1950). For
example, microstimulation of RS cells in the resting cat elicits brief contractions of both
extensors and flexors of multiple limbs (Drew and Rossignol, 1990). Recording from RS
cells during locomotion in the cat has revealed that most exhibit either a strict
correlation with EMG patterns recorded from various muscles throughout the body, or
periodic activity related to the overall pattern and timing of locomotion (Drew et al.,
1986). These patterns suggest that RS neurons may exert control over the spinal

network both at the level of individual muscles and at the level of muscle synergies.



1.3.2.1. Control of locomotor speed

In lamprey, because there is a constant phase delay between segment bursts,
speed of locomotion is proportional to frequency of alternation which is controlled by
descending RS inputs (Grillner et al., 1991). In RS neurons, both frequency of rhythmic
antiphasic burst firing and corresponding frequency of locomotor behavior have been
found to correlate positively with level of tonic input from mesencephalic locomotor
region (MLR) (Brocard et al., 2010). Thus, although the exact mechanisms of speed
control in lampreys remain unknown, one reasonable possibility is that RS neurons form
an oscillatory network with spinal CPGs, and that the frequency of oscillation in this
network is controlled by specialized locomotor regions. In legged animals, speed is
determined by stride length multiplied by stride frequency (Alexander, 2003). Given the
apparent parallels between mammalian CPGs and those of the lamprey, speed control
in mammals likely depends upon a similar oscillating network which controls the

frequency of spinal undulation, which in turn dictates step-cycle and gait.

1.3.2.2. Control of turning

In Lamprey, left-right steering is accomplished by altering the basic pattern of
locomotor undulation. During forward locomotion, the two halves of the animal
generate alternating waves of contraction with symmetrical intensity and duration.

During a turn these two patterns are made asymmetrical down the length of the fish



such that the side corresponding to the direction of turn is increased in intensity and
duration over the other side (Fagerstedt and Ullen, 2001), which causes increased
bending to that side. Thus, steering appears to be accomplished by temporarily breaking
the pattern of symmetrical brainstem output and augmenting it to one side before
returning it to normal. In legged mammals, steering can also be accomplished through
spinal bending, as well as through adjustments to the relative amplitude or force of left
and right stepping, or the relative angles of stepping (Grillner, 2011). Such steering
movements can also occur in a stationary animal to accomplish orienting movements

and various postural adjustments.

1.3.2.3. Control of posture

Animals must continuously defend body geometry and orientation in space
against both environmental and internally generated disturbances. Lampreys, for
example, swim with dorsal side up and must control stability in pitch roll and yaw
planes. Disturbance along any one of these planes is neutralized through corrective
‘postural reflexes’, which are thought to operate in symmetrical and opposed pairs. Any
deviation from normal orientation is sensed by the vestibular organs and transduced
directly into the appropriate corrective movement; for example, tip to the left will elicit

a movement that pushes the animal rightward and vice versa (Deliagnia et al., 2007). In
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this way, postural reflexes form a closed loop negative feedback system to quickly
correct posture and maintain it stably in the face of unpredictable disturbances.

Activity in RS neurons with direct inputs from the vestibular system has been
found to respond to disturbance in pitch, roll and yaw planes (Zelenin et al., 2007) and
correlate with both velocity of disturbance and absolute disturbance (Pavlova and
Delaina, 2002). By examining the motor effects of recorded RS neurons, it was found
that neurons produced movements which specifically counteracted the tip that elicited
their activity (Zelenin et al., 2007). For each plane, two opposed populations of RS
neurons were found to respond to opposite directions of tilt and to produce movements
which counteracted those tilts. Interestingly, an increase in temperature was found to
increase the ratio of up to down neurons and thus the tendency for the animal to turn
downwards. In nature, this may function as the output of a temperature control system
since deeper water tends to be colder. Thus, the reference setting of postural control
systems can be altered by hierarchically higher systems as a means of accomplishing
their own sensory goals.

In legged animals postural control is thought to depend primarily on
somatosensory inputs, while vestibular input is more important for stabilizing the head
(Deliagnia et al., 2006). Because decerebrate animals have largely in-tact postural
control (Mori et al., 1987), the basic mechanisms of postural control are thought to exist
in brainstem, cerebellum and spinal cord. Discrete postural disturbances during

locomotion elicit corrective steps which are incorporated neatly into the locomotor
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pattern; in response to a push from the side, the leg that is at the end of its stance
phase will be directed inwards or outwards depending on the direction of push
(Karayannidou et al., 2009). A continuous postural disturbance during locomotion, on
the other hand, elicits a continuous postural correction. For example, when a cat walks
on a tilted surface, the amplitude of various muscle contractions is altered to maintain
trunk stability but typical locomotor phase relationships are preserved. RS neurons
recorded during this task were found to correspondingly adjust their amplitude and

pattern of firing during various tilts (Matsuyuma and drew, 2000).

1.3.3. Descending control of reticulospinal system

Control of movement by the brainstem and spinal cord is a continuous and
hierarchical process; spinal circuits provide a basic pattern of movement which is then
continuously shaped by descending RS projections in accordance with the higher goals
of the animal. Like the strings of a marionette, different RS cells may be rhythmically
‘tugged’ to adjust speed, phasically tugged to produce a postural correction or turn, or
tonically held at a certain height to stabilize locomotion over sloping terrain. These basic
motor functions are an essential part of many goal directed behaviors, but they must be
deployed differently to accomplish different behaviors requiring locomotion at different
speeds, over different terrains, and in pursuit of stationary or moving targets. Thus,

lower motor functions must be initiated as part of still higher motor functions. As we
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have seen, spinal networks controlling locomotion are largely activated by RS neurons
emanating from the brainstem. These descending RS projections which control basic
aspects of posture, steering and locomotor drive are themselves controlled by
descending commands from midbrain and diencephalic motor nuclei. In the same way
that the strings of a marionette must pulled in a meaningful pattern for the puppet to
appear to walk, these descending commands are important in combining and organizing

basic RS motor functions into coherent locomotor behaviors.

1.3.3.1. Brainstem locomotor regions

Two brain regions are thought to be responsible for issuing locomotor
commands to RS nuclei: the mesencephalic locomotor region (MLR) and the
diencephalic locomotor region (DLR). Both functionally and anatomically these two
regions appear to be very similar; they both monosynaptically project to the same RS
nuclei and stimulation of either is sufficient to initiate and then smoothly increase
frequency and force of locomotion with increasing stimulation (Menard and Grillner,
2008). Although locomotor movements may be initiated at lower levels of brainstem
and spinal cord, stimulation of DLR or MLR, or of specific subsets of RS neurons to which
they project (Kinjo et al., 1990), appears to be required to elicit coordinated locomotor

behavior.
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In lamprey, left and right MLR both send symmetrical projections to left and right
RS cells, and tonic input to either left or right MLR elicits the same antiphasic burst firing
in both left and right populations of RS cells (Brocard et al., 2010). This firing excites
motor neurons and contralaterally projecting inhibitory interneurons on one side of the
body (Grillner et al., 1998), thus facilitating propagation of CPG-mediated bending wave
along the body length. Because this excitatory RS output is antiphasic and rhythmic, its
effect is to orchestrate the basic locomotor pattern of left-right alternation in CPG-
mediated bending waves. Increasing stimulation from MLR has been found to increase
speed of locomotion in all species tested to date (Dubuc, 2008). In salamanders,
increasing MLR stimulation induces increasing frequency of rhythmic stepping until past
a threshold the legs are held back against the body and swimming behavior is produced
with increasing frequency (Cabelguen, 2003). In rats (Skinner and Garcia-rill, 1984),

increasing stimulation of MLR causes walking, then trotting and finally running.

1.3.3.2. Tectum

Visual inputs are thought to exert a direct influence on locomotor behavior
through the optic tectum, also called the superior colliculus, a midbrain structure that
receives visual inputs in a retinotopic fashion and also functions as a motor map for
controlling orientation movements of eye, neck and body with respect to a visual target

(Sparks, 2002). In higher mammals, projections from SC to RS populations are thought to
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control neck and body orientation in the horizontal axis while orienting in the vertical
axis is controlled through a different population of neurons in the mesodiencephalic
junction (Isa and Sasaki, 2002). The tectum is thought to project to both MLR (Saitoh et
al., 2007) and DLR (El Manira et al., 1997) as well as directly to RS neurons, and
stimulation of the tectum results in site-specific eye and body movements; brief pulses
of stimulation results in just eye movement, while longer pulses result in corresponding
body orientation movements and even longer pulses result in locomotor movements
(Saitoh et al., 2007). These findings suggest that the tectum may function as an
important control center for generating steering and postural corrections to maintain an
object of interest centered in the visual field. If such corrections occur in parallel with
forward locomotion and postural control, then the animal will effectively be locked into

the pursuit of the target object even if the target object is also moving.

1.3.3.3. Pedunculopontine nucleus

The pedunculopontine nucleus (PPN) is a brainstem nucleus that has been
implicated in controlling muscle tone. Stimulation of this region has been found to
reduce muscle tone in both extensors and flexors, both at rest and during active
movement (Takakusaki, 2003). Consequently, the PPN is believed to play an important
role in patterning and adapting ongoing movements to changing behavioral

requirements, such as speed of movement (Takakusaki, 2008).
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1.3.3.4. Motor cortex

The motor cortex exerts a direct influence on brainstem motor regions including
the reticular formation through the corticobulbar tract, as well as on spinal circuits at
different levels through the corticospinal tract. These tracts together comprise the
pyramidal tract (Mann, 1981). The pyramidal tract is believed to be most important for
controlling precise and fractionated movements of distal musculature, such as precise
limb placement when traveling across uneven terrain (Bretzner and Drew, 2005), or
reaching to a particular point in space (Kakei et al., 2003). However, the cortex can still
directly influence the activity of proximal musculature (Freund and Hummelsheim,
1984). Removal of the entire cortex has little effect on basic locomotor and goal
directed behavior (Bjurston et al., 1976), implying that its function is mainly to produce
learned movements requiring a high degree of motor flexibility. Although the functional
logic of how pyramidal projections cooperate with lower levels of the motor hierarchy
remains unknown (Miri et al., 2013), one possibility is that pyramidal influences are
simply added into the existing reference signals and outputs at different levels in the
motor hierarchy, like a president issuing direct orders to individual soldiers and
commanders in a military hierarchy. By breaking the chain of command in this way, the
pyramidal motor system can mobilize small groups of muscles in service of skilled

behavior in the same way that a president can mobilize small groups of soldiers to

16



pursue specific goals relevant to his own office--but which the military as a whole has

never been trained to pursue.

1.3.4. The importance of the basal ganglia

In vertebrates, motor behavior is accomplished by a hierarchy of neural circuits
beginning with spinal GPGs, which provide the essential repeating pattern of locomotor
movement and the lowest level of postural control. Descending commands from the
brainstem, in turn, shape different aspects of this pattern to maintain posture and
accomplish different maneuvers such as turning, which are themselves further
organized into coherent motor functions by specialized higher structures such as the
MLR, tectum, and motor cortex. A still-higher level of organization is controlled by the
basal ganglia, a set of subcortical nuclei consisting of the striatum, globus pallidus,
substantia nigra, and subthalamic nucleus (Delong and Georgopoulos, 2011). These
nuclei appear to be responsible for continuously orchestrating the pattern and intensity
of various motor functions for the sake of accomplishing higher goals.

Free behavior is composed of multiple ongoing motor programs which are not
only turned on and off in different overlapping patterns but also turned up or down in
their intensity and direction. Even a simple lamprey searching for food must transition
between forward swimming and turning, while simultaneously adjusting its speed and

degree of turning in such a way that the overall pattern is coherent and functional with
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respect to the goal of spotting and then catching food. In this way, the coordination of
motor programs by the basal ganglia is like that of a conductor continuously controlling
the identity and volume of different motor functions as though they were musicians in a
symphony. As with music, the components of behavior must be harmonious; physically
conflicting behaviors cannot occur at the same time, and slight turns and postural
corrections must be compensated for by pauses and alterations in ongoing locomotor
functions. Similarly, the relatively simple commands sent to motor programs by basal
ganglia are independently transduced into complex and precisely coordinated rhythmic
patterns of muscle contraction, like the notes and phrases played by individual

musicians.

1.4. Functional anatomy of the basal ganglia

The basal ganglia are a set of functionally and anatomically related subcortical
nuclei located in the mesencephalon, telencephalon and diencephalon (Delong and
Georgopoulos, 2011). As a rule, but with the exception of the STN whose projections are
glutamatergic, the nuclei of the BG employ inhibitory GABA projection neurons (Yin,
2014). The basal ganglia receive inputs from areas of the entire cortex and thalamus,
and send outputs to a number of brainstem motor nuclei as well as to diverse cortical
regions via projections to thalamic nuclei (Alexander et al., 1986). Given their central

location in the brain and strong connectivity with both cortex and brainstem motor

18



regions, the BG are believed to play important roles in shaping the higher levels of goal
directed behavior. Indeed, damage to BG can result in a diverse array of severe
behavioral and motor deficits, implying an important role in those processes (Albin et

al., 1989).

1.4.1. Outputs of the basal ganglia

The major output nuclei of the BG are the substantia nigra pars reticulata (SNr)
and the globus pallidus internal segment (GPi). In rodents, the entopeduncular nucleus
is considered equivalent to the GPi (Carter and Fibiger, 1978). These outputs are
GABAergic with a high (50-100Hz) baseline firing rate and project primarily to thalamus
and brainstem motor areas (Hikosaka et al., 2000). Outputs from basal ganglia to
brainstem areas are widely believed to coordinate the activity of motor functions by
tonically inhibiting motor centers such as the MLR, (Garcia-Rill et al., 1986; Takakusaki et
al., 2003 ), PPN (Takakusaki et al., 2004), motor cortex (Alexander & Crutcher, 1990) and
tectum (Kaneda at al., 2008), and thus the motor functions specific to those regions.
Release of this high tonic inhibition by the basal ganglia is thought to constitute the
selection of a set of motor functions, and has been likened to a ‘gate’ which selectively
frees a set of motor functions while inhibiting all others (Hikosaka, 2000; Grillner et al.,
2013). There is also evidence that the behavior of a given motor region, such as the SC,

can be modulated by BG outputs through disinhibition of different subpopulations in
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that region. For example, SNr neurons recorded during a visually guided saccade task
were found to pause around the time of saccade onset which corresponded with a burst
in SC activity, but only when the saccade was directed towards a target placed in the
contralateral visual field (Basso and Wurtz, 2002). Pharmacological inactivation of cells
in the SNr can also cause irrepressible saccades towards the contralateral visual field
(Hikosaka and Wurtz, 1985), presumably through exerting different effects on ipsilateral
and contralateral halves of the SC.

Outputs from BG to thalamic nuclei are relayed by the thalamus to cortical
regions, which in turn project back to the input nuclei of the basal ganglia. These circuits
form sharply segregated closed loops through diverse regions of motor and prefrontal

cortex (Alexander et al., 1986). These loops are discussed in greater detail below.

1.4.2. Inputs of the basal ganglia

The striatum is the input nucleus of the basal ganglia. Cells here have a high
threshold for activation and receive extensive excitatory projections from diverse
cortical regions including motor, premotor, associative, and entorhinal cortex
(Alexander et al., 1986), as well as directly from thalamic nuclei (Grillner et al., 2008).
95% of the striatum consists of GABAergic projection neurons, which project to BG
outptut nuclei, while the remaining 5% of the striatum includes cholinergic interneurons

and a small population of GABAergic interneurons (Kreitzer, 2009). Striatal projection
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neurons have a low baseline firing rate during resting conditions and a high threshold
for activation (Kreitzer, 2009). However, dopamine input from substantia nigra pars
compacta (SNc) to the striatum is thought to lower this typically high threshold and
transition the cells to a more sensitive state. Striatal neurons are very difficult to
activate without concurrent dopamine input (O’Donnel, 2003). Once sensitized by
dopamine, striatal projection neurons can be more easily depolarized by cortical or
thalamic inputs, and thus exert a greater influence on their targets. All vertebrates
appear to have this basic organization: a striatum that is difficult to activate and serves
as a relay for diverse cortical and thalamic inputs, and which depends critically on the

presence dopamine to open (Grillner et al., 2008).

1.4.3. Intrinsic connections of the basal ganglia

The striatum projects directly to BG output nuclei through what is known as the
‘direct pathway’. This pathway exerts a direct inhibitory influence on SNr/GPi. There
also exist parallel ‘indirect pathways’ from the striatum which exert an opposite
influence on the output nuclei. The first of these pathways projects from striatum to
GPe, which in turn projects to SNr/GPi (Hikosaka et al., 2000). Because the projection
neurons here are GABAergic, this additional stop compared to the direct pathway
results in a sign change, such that increasing output through this pathway has an

excitatory effect on the SNr/GPi. The second indirect pathway projects from striatum to
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GPe to STN to SNr/GPi. Increasing striatal output to this pathway also results in
increased SNr/GPi output because the STN is glutamatergic (Hikosaka et al., 2000).
Within the striatum, projection neurons to the indirect pathway are spatially segregated
from those of the direct pathway (Parent et al., 1984), and although still mediated by
dopamine input these two populations are thought to respond in opposite directions to
dopamine input because they express different types of dopamine receptor. Striatal
neurons in the indirect pathway express D2 receptors while those in the direct pathway
express D1 receptors (Gerfin et al., 1990). These two receptor types have opposite
effects; D2 receptors inhibit production of adenyl cyclase while D1 receptors stimulate
its production (Stoof and Kebabian, 1981). However, because it has been shown that a
proportion of striatal projection neurons co-express D1 and D2 receptors (Surmier et al.,
1996), then the exact effect of dopamine input to a particular region will depend on the
relative expression of receptor subtypes and whether cells project to direct or indirect
pathways. Dopamine neurons project to the striatum from the SNc, a region sharing an
indistinct border with the SNr, and the ventral tegmental area (VTA), a region
dorsomedial to and continuous with the SNc (Beckstead et al, 1979). DA projections to
the striatum exhibit a high degree of topographic organization (Fallon and Moore, 1978;
Palidini and Roeper, 2014).

The functional significance of these different intrinsic pathways is still unclear;
however one attractive possibility is that the direct and indirect pathways act in

opposition to modulate BG outputs for various channels up and down. According to the
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classical perspective, increasing or decreasing BG outputs simply increases or decreases
tonic inhibition of various motor functions and thus constitutes ‘action selection’.
However, an alternate possibility is that increasing or decreasing firing rate in SNr/GPi
neurons above or below their baseline could encode an analog value with a positive or
negative sign, respectively. Such signals could be used in diverse ways to perform a

variety of analog computations beyond simply inhibiting and disinhibiting their targets.

1.4.4. Thalamic closed loops

In addition to their influence on brainstem motor structures, BG outputs
influence cortical activity via projections to thalamus. These thalamic projections form a
canonical ‘closed loop’ circuit which retains the same basic design features regardless of
the striatal or cortical regions involved (Alexander et al., 1986). The basic circuit is as
follows: SNr/GPi to thalamus to cortex to striatum and back to SNr/GPi through direct
and indirect pathways. Although this essential circuit design does not vary significantly
from region to region, it does segregate different regions into different parallel loops
carrying distinct types of information. For example, there is a dedicated ‘motor’ loop
through thalamic nuclei which projects primarily to motor cortex, and in turn to striatal
and SNr/GPi regions which project back to the same thalamic nuclei (Alexander and
Crutcher, 1990). Even within this motor loop there are thought to be circuits dedicated

to the movement of different body parts in different directions; the striatum exhibits
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topographic organization, with representation of orofacial movements located
ventromedially, and upper and then lower extremities represented more dorsolaterally
(Alexander et al., 1986). Additional loops include one passing through the frontal eye
fields, as well as a number of ‘associative loops’ passing through dorsolateral prefrontal
and orbitoprefrontal cortices which are thought to be involved in hierarchically higher
properties of behavior (Alexander et al., 1986). Because these diverse circuits share a
highly stereotypical organization, it is hypothesized that they share the same basic
function which is simply applied to different types of information arising from different
cortical regions (Alexander et al., 1986).

Compared to BG-brainstem projections, the function of these BG-thalamic loops
remains unclear (Grillner et al., 2013). Because decorticate animals exhibit goal-directed
behavior which is largely in-tact (Bjursten et al., 1976), these loops are likely most
important in higher aspects of behavior requiring complex perceptions, hierarchically
sequenced learned behaviors, or fine motor control of brainstem and spinal circuits via

the pyramidal motor tract as mentioned earlier.

1.5. Movement disorders of the basal ganglia
Much of what we know about the basal ganglia comes from observing clinical

symptoms resulting from damage to its different parts. Below we summarize clinical
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findings related to the two main classes of motor disorder associated with BG damage;

hypokinetic disorders and hyperkinetic disorders.

1.5.1. Hypokinetic disorders: Parkinson’s disease

Hypokinetic movement disorders are characterized by impairments in initiating
movements as well as a reduction in both speed and amplitude of movements. The
most well characterized hypokinetic movement disorder is Parkinson’s disease (PD),
which is caused by death of dopaminergic neurons in the SNc. PD patients exhibit
difficulty initiating voluntary movements but can still respond to environmental
disturbances. For example, PD patients can be induced through visual stimulation—but
not voluntarily--to walk up and down stairs, catch a ball, jog, and ride a bicycle almost
normally (Glickstein and Stein, 1991). PD patients can also make postural corrections
but have difficulty shifting their postural control strategy in response to altered
disturbance patterns (Visser and Bloem, 2005), and generally show deficits in smoothly
transitioning between the motor tasks that constitute a behavior (Stern et al., 1983).
These observations suggest impairment in the ability of higher systems to transition
between which motor functions are online, likely due to chronic low levels of striatal
output caused by DA depletion. This interpretation is in agreement with the observed
role of the basal ganglia in transitioning between motor functions within a sequence

(Kermadi and Joseph, 1995).
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Another striking feature of Parkinson’s disease is bradykinesia or slowness of
movement (Albin et al., 1989), which implies a lower-level deficit in transitioning
between different reference settings within a given motor function. This deficit is also
clearly seen in postural control tasks in which subjects are asked to voluntarily ‘resist’ or
‘yvield’ to a disturbance. In these tasks, the gain of postural control is relatively fixed and
unaffected by voluntary modulation in PD patients compared to control subjects (Bloem
et al., 1994). By setting a reference state to ‘zero’, such a mechanism for continuous
modulation of motor functions could also effectively turn off certain motor functions,
and thus carry out second order motor transitions. Indeed, it is hypothesized that
akinesia or inability to move in PD is just an extreme form of bradykinesia (Delong,
1990). Combined, the deficits in Parkinson’s disease imply a role for dopamine and the
basal ganglia in transitioning and coordinating motor functions at multiple levels in the

behavioral hierarchy.

1.5.2. Hyperkinetic disorders: Huntington’s

A different class of basal ganglia motor disorders, the hyperkinetic disorders, is
characterized by ballistic and involuntary movements. The most well-known of these
disorders is Huntington’s disease (HD), which exhibits uncontrolled writhing and
dancelike movements, and which is caused by death in striatal neurons (Delong, 1990).

Given that striatal damage does not always result in HD, that administration of D2
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agonists alleviates symptoms in HD (Albin et al., 1989), and that selective damage to
indirect pathway striatal projection neurons has been reported in HD patients (Reiner et
al., 1988), the disease is thought to result primarily from damage to the striatal neurons
that comprise the indirect pathways. However, striatal damage is rarely confined to only
the indirect pathways; with severe HD both direct and indirect pathways are severely
damaged (Reiner et al., 1988). Given that excessive dopamine activity can also elicit
similar symptoms to HD, (Delong, 1990) one way to interpret HD is as a disorder of
striatal output in which striatal signaling to BG output nuclei is generally uncontrolled,

ultimately resulting in complex patterns of motor hyperactivity and conflict.

1.6. Open questions regarding the functions of the basal ganglia

1.6.1. Graded modulation of basal ganglia output

As discussed previously, natural behavior requires the continuous modulation of
the direction and extent of online motor programs by the basal ganglia; an animal must
be able to adjust speed of locomotion, postural control and degree of turning. However,
this observation is at odds with the classical perspective of the basal ganglia as a gate
which must sustain output at a steady level to function properly (Hikosaka et al., 2000).
Given that the strength of BG outputs is known to be graded by the presence of food
reward (Rossi et al., 2013; Sato and Hikosaka, 2002; Hikosaka, 2007), there may be a
common and yet undescribed neural mechanism for adjusting the intensity of BG output
in service of higher behavioral goals.
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1.6.2. Antiphase signaling of basal ganglia outputs

According to the classical account of BG function, outputs of the SNr exert tonic
inhibition on motor functions and coordinate them by releasing this tonic inhibition.
However, it is commonly observed that SNr neurons will both increase and decrease
their activity at the time of movement (Chevalier et al., 1984; Gulley et. al., 1999;
kaneda et al., 2008; Rossi et al., 2013; Fan et al., 2012; Sato and Hikosaka, 2002). It has
been proposed that this represents a mechanism for ‘action selection” whereby the
desired actions are disinhibited while all others are inhibited. However, the exact
meaning of action is rarely clearly defined, and given that even actions directed at the
same end are constantly varying with changing environmental and muscular conditions,
this account is problematic. The exact function of these antiphase outputs from the BG

thus remains an open question.

1.6.3. Reward prediction and motor control

An important principle for organizing motor functions into a coherent behavior is
the higher goal or purpose of that behavior. As mentioned previously, another way to
frame this is as a control system producing motor outputs to defend internal variables
against change from their reference settings. For example a hungry animal may search

for food to regulate blood sugar, or a territorial animal may seek to drive away an
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intruder to regulate an internally defined social variable. Such goals for behavior are
typically termed ‘rewards’. A number of well-known studies have demonstrated SNc
dopamine burst firing in response to delivery of a reward and in response to cues which
reliably predict reward delivery (Glimcher et al., 2011), and that SNc activity prior to
reward is strongly modulated by the size of the upcoming reward (Roesch et al., 2007).
Striatal activity in monkeys (Kawagoe et al., 1998) and humans (Knutson et al., 2001)
also exhibits sustained activity prior to delivery of an expected reward which is
correlated with the expected value of that reward. As previously discussed, changes in
striatal activity are thought to facilitate activation of motor functions. One could thus
argue that a reward, and the perceptions that predict it, act as stimuli to ‘switch on’ the
motor functions required to obtain it. However, it is clear that other stimuli which are
not ostensibly rewarding may also elicit such a switch in ongoing behavior, such as when
an animal is surprised or attacked. In accordance with this observation, experimenters
have found similar patterns of activity in the basal ganglia in response to both rewards
and unexpected or salient stimuli (Horvitz, 2000; Zink et al., 2003; 2008).

Because behavior is defined by movement, then such simple correlations
between the presence of rewarding or salient stimuli and neural activity may be
misinterpreted if movement is not carefully observed. This possibility has been
suggested previously on the grounds that DA responses occur too quickly to underlie
value assessment; DA response to a visual reward cue commonly occurs before the

animal has time to foveate on the cue (Redgrave and Gurny, 2006). It is also known an
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animal will by definition work harder for a more valued reward (Schultz et al., 1997).
Thus, the relationship between such reward-related events and movement kinematics

remains an important unknown in our understanding of the BG.

1.6.4. Summary of experiments

The experiments in the following three chapters were performed to address the
open questions regarding the function of the BG outlined above. In the first set of
experiments, we recorded wirelessly from the SNr and SNc while mice were subjected
to a continuous postural disturbance along the roll plane. This study was designed to
address the role of antiphasic BG output in continuously adjusting motor functions. In
the second and third sets of experiments we recorded wirelessly from the SNr and SNc
respectively, in combination with video tracking of the head while mice performed a
cued reward task. These studies were performed to further elucidate the role of
antiphasic BG output in controlling the extent and direction of motor output, and the

relationship of that role with reward processing.
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2. The Role of the Substantia Nigra in Posture Control*

2.1. Introduction

Postural control is a continuous and integral part of all behavior. Proper
execution of any movement requires continuous defense of body geometry and
orientation in space against both environmental and self-generated disturbances. The
neural mechanisms underlying postural control have been investigated in a number of
species (Deliagnia, 2007), but previous work has focused primarily on the role of
brainstem and spinal networks, in particular the reticulospinal pathway (Deliagina et al.,
2012). Because decorticate animals still show effective postural control (Bjursten et al.,
1976), the cortex is thought not to play an important role in this process. However,
patients with focal damage to the basal ganglia or its targets, such as the
pedunculopontine or thalamus, have severe postural deficits (Visser and Bloem, 2005).
Patients with Parkinson’s disease also have postural deficits including a stooped neutral
posture and difficulty adapting movements to postural disturbance (Dimitrova et al.,
2003). Combined with the fact that the basal ganglia also exert direct influences over
such regions as PPN and tectum which are known to play important roles in the control

of posture and body configuration (Takakusaki et al., 2003; Takakusaki et al., 2008;

! This chapter is a modified version of a previously published article: Barter JW, Castro S,
Sukharnikova T, Rossi MA, Yin HH (2014) The role of the substantia nigra in posture control. EurJ
Neurosci 39:1465-1473.
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Saitoh et al., 2007), these results suggest that BG outputs may serve an important
function in adapting behavior to ongoing postural disturbances.

The basal ganglia have traditionally been implicated in learning and generation
of actions (Graybiel, 1998; Wise et al., 1996, Grillner et al.,2013 ). However, little is
known about the exact functional role of basal ganglia outputs in generating behavior. A
prominent output nucleus of the basal ganglia, the SNr, sends projections to brainstam
and midbrain structures including the PPN (Takakusaki et al., 2003) and tectum
(Hikosaka et al., 2000), as well as to diverse regions of the cortex via thalamic
projections (Alexander et al., 1986). Neural activity in the SNr has been found to
correlate with a number of behavioral processes, including movement initiation and
termination (Jin and Costa, 2010) and duration (Fan et al., 2012). A large body of classic
work has suggested that projections from the SNr, particularly those to PPN and tectum,
exert their effects on behavior by tonically inhibiting and disinhibiting—and thus turning
off and on—various brainstem motor regions (Grillner et al.,2013, Hikosaka, 2007).
While this this model shows how SNr outputs could be capable of determining which
motor functions are online at a given moment, it fails to explain how SNr outputs
modulate the continuous and antagonistic properties of lower systems, such as the
extent and direction of orienting turns or postural corrections made during locomotion.

Here we examined the role of basal ganglia outputs in posture control. We
recorded from both DA and GABA neurons in a region bridging the SNr and SNc in

unrestrained mice during continuous and cyclical postural disturbance along the roll
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plane. To defend their upright posture during this task, mice were required to produce
continuous corrective motor outputs to oppose the effects of roll disturbance. We
found strong correlations between postural disturbance and neural activity: in both
putative DA and GABA cell populations, one group of neurons was inhibited with tilt in
one direction and excited with tilt in the other direction, and another group of neurons

exhibited the exact opposite pattern of activity.

2.2. Materials and Methods

2.2.1. Subjects and Surgery

All procedures were conducted in accordance with the guidelines laid down by the
National Institutes of Health regarding the care and use of animals for experimental
procedure, and were approved by the Duke University Animal Care and Use Committee.

Eight adult male C57BL/6J mice (4—12 months old, 28-35g) were used. Surgical
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Figure 1. Apparatus for generating postural disturbance and illustration of in vivo
wireless multi-electrode recording in freely behaving mice. (A) Miniaturized 16 channel
wireless headstage (1.5x1x1.5cm) weighing about 3.8 g. (B) Illustration of the postural

disturbance task. Up to 7 degrees of tilt were introduced in either direction along the
roll axis of the mouse. (C) A mouse perched on an elevated tilting platform housed in a
tube. The layout of the perch prevented mice from moving excessively or changing
orientation while still allowing free standing postural adjustment and head movement.
(D) Pressure pad readout traces during continuous postural disturbance of 30rpm. Data
show overlay of 44 individual session averages. Forces on the left (red) and right (blue)
pressure pads were generated by contact with the mouse’s left and right paws,
respectively. Time 0 on the x-axis indicates the point of the greatest disturbance to the
left (7 degrees tilting to the left side); times -2 and +2 s show the point of greatest
disturbance to the right. At time 0 the force exerted by the left paws on the left
pressure pad is greatest and force exerted by the right paws on the right pressure pad is
least; at times -2 and +2 the opposite pattern can be seen. (E) Pressure pad readout (Z
score) traces during continuous postural disturbance of 60rpm. Traces are from the
same sessions shown in D. Time 0 indicates the point of the greatest disturbance to the
left (7 degrees tilting to the left side); times -1 and +1 show the point of greatest
disturbance to the right. The same basic pattern shown in D may also be seen here. (F)
Pressure pad readout (Z score) during rest, in the absence of any tilt. Traces are from
same sessions shown in D and E and represent peri-event averages around arbitrary
points spaced 2s apart. No clear pattern of force change is demonstrated. Grooming
behavior was often observed during this period.
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procedures for chronic electrode implants were as described previously (Fan et al.,
2012; Rossi et al., 2013). Briefly, after creating a craniotomy, electrode arrays were
lowered at the following stereotaxic coordinates in relation to bregma: 3.0mm
posterior, 1.2mm lateral and 4.7mm below brain surface. In all experiments, 16-channel
electrode arrays (Innovative Neurophysiology, Durham, NC, USA) were used. Seven of
the arrays consisted of micro-polished tungsten wires, 35um in diameter and 7mm in
length, arranged in a 4x 4 configuration. One implanted array contains 35um diameter
tungsten wires 5mm in length and arranged in a 2x8 configuration. In all arrays row
spacing was 200um and electrode spacing was 150um. All arrays were attached to an
Omnetics connector (Omnetics Connector Corporation, Minneapolis, MN, USA) and
firmly fixed to the skull with dental acrylic, allowing neural activity to be recorded
chronically for up to 6 months. Following completion of the experiments, all mice were
perfused and their brains sliced with a Vibratome 1000 into 100um coronal sections.
The sections were stained with thionin and examined under a microscope for electrode

tracks to verify placement.

2.2.2. Behavioral Apparatus
Mice perched on an elevated platform positioned within a tube (5cm diameter, 3.8cm

length) and covered with a bonnet. Typical posture was characterized by a slightly
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downward head angle with wireless transmitter balanced directly above the nose and

outside the tube. Although the added height of the headstage prevented them

A

Noise

N/

B2

Spike waveform

Mean firing rate (Hz)

0 200 400 600
FWHM (us)

Figure 2. Classification of GABA and DA neurons. (A) Representative spike waveform
recorded with wireless technology, with a high signal-to-noise ratio. Three examples of
typical action waveforms are shown for each cell type. The duration of action potentials
in GABA neurons is much shorter than in DA neurons (Ungless and Grace, 2012). (B) Cell
type classification. Putative DA neurons (red) have significantly wider waveforms.
FWHM, full width half maximum (spike duration at half maximum). DA neurons have
lower mean firing rate (7.8+0.92Hz, n=62) than putative GABA neurons (19+0.94Hz,
n=427).

from turning around easily on the platform, all mice could still freely move and groom.
The perch platform was suspended by a custom built rigid ‘T’-shaped structure formed

of 1cm-diameter aluminum rod. The horizontal section was 40cm in length and fixed at
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its center to the top of an 18cm vertical rod. The perch was fixed to the underside of
one end of this horizontal section and a 200g counterweight was fixed to the opposite
end. The vertical rod was fixed at its bottom to the plate of a standard laboratory shaker
(Lab-net Rocker 25) which generated postural disturbance in the form of continuous tilt
to 7°in either direction along the roll axis of the mouse (Fig. 1). The platform was
elevated (13cm) from the shaker plate. All mice were exposed to two speeds of
continuous tilt disturbance in 10-min blocks with a 2-min break between blocks. During
the first block there were 15 tilts to each side per minute, and during the second block
there were 30 tilts per side per minute. At the beginning of each session and prior to
onset of tilt disturbance mice were acclimated to the level platform for 2 min. Mouse
movement was measured with custom-built pressure pads on the floor. These pads
consisted of left and right rectangular floor pieces, each 1.9x3.8cm, with a 0.65cm
diameter aluminum piston attached to the bottom center. Each piston restsona 1.3 cm
length of soft silicone tubing, 0.58cm o.d. 90.3cm wall (Cole-Parmer part # EW-96150-
02, London, UK) connected to a pressure sensor at one end (Omron part # 2SMPP-02,
Kyoto, Japan) and sealed at the other end. The signals from the pressure sensors were
amplified and sent to the Black Rock Cerebrus data acquisition system via analog inputs
at 2000 Hz. Timestamps were generated by the movement of the platform through an
optical interrupter circuit (Fairchild model# H21A1, San Jose, CA, USA) and sent directly
to the data acquisition system. These timestamps were used for correlating neural

activity with tilt.
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Figure 3. Coronal sections showing the location of electrode implants for all mice. Scale
bars 0.5mm
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2.2.3. Recording and spike sorting

Single-unit activity was recorded with miniaturized wireless head-stages
(Triangle Biosystems, Durham, NC, USA) using Cerebrus data acquisition systems
(Blackrock Microsystems, Salt Lake City, UT, USA). Data were sampled after filtering with
both analog and digital bandpass filters (analog high pass 1st order butterworth filter at
0.3Hz, analog low pass third order butterworth filter at 7.5kHz, digital high pass fourth
order butterworth filter at 250Hz) and sampled at 30kS/s (Fan et al., 2011). In five mice
electrodes were implanted in the left nigra; in three mice electrodes were implanted in
the right nigra. Spike sorting for each unit was performed using Offline Sorter (Plexon,
Dallas, TX, USA). Waveforms were classified as single units as previously described
(Nicolelis, 2007; Fan et al., 2012; Yu et al., 2012). The following criteria were used: (i) a
signal-to-noise ratio of at least 4:1; (ii) consistent waveforms throughout the recording
session; and (iii) refractory period of at least 1200us. Units were classified as either
putative dopamine or putative GABA on the basis of mean firing rate and waveform

duration and shape (Fan et al., 2012; Ungless &Grace, 2012; Rossi et al., 2013).

2.2.4. Classifying single units
We identified neurons that significantly changed their firing rate in response to
posture disturbance generated by the tilt. Time intervals were defined to categorize

cells based on their firing rate changes in response to different directions of postural
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disturbance: 0° to 7°L to 0°, and 0°to 7°R to 0°. As full tip to one side occurred at a rate
of either once every 4 s or once every 2 s, the time windows for comparison were as

follows: 7°L+1s and 7°R+1s (30 r.p.m.), 7°L+0.5s and 7°R+0.5s (60 r.p.m.).

2.2.5. Data analysis
The behavioral and electrophysiological data were recorded with a Blackrock
data acquisition system and analysed with Matlab and Graphpad Prism. Perievent raster

plots were generated using Neuroexplorer.

2.3. Results

2.3.1. Postural disturbance and behavior

Eight adult male C57 BL/6J mice were exposed to 2 different speeds of
continuous postural disturbance along the roll plane: 30rpm (15 tips/side/minute) and
60rpm (30 tips/side/minute). Typically, after a single session mice stopped trying to turn
around on the platform or escape and adopted a consistent head-forward stance (Figure
1C). Pressure pad readout was recorded for four mice during 44 sessions of postural
disturbance. Pressure on the left and right pads continuously changed as the animal’s
weight was shifted during postural disturbance; as the platform tilts to the animal’s
right, the force generated by its paws is greater on the right pad than the left pad and

vice versa. During postural disturbance, forces exerted on left and right pads were at
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baseline average when the platform was level (Figure 1D-E). During the 2m break period

between blocks, force readouts on the left and right pads were comparable (Figure 1F).

Goe

-2 0 2 A 0 1
30 rpm, Time from 7° L (s) 60 rpm, Time from 7° L (s)

Spikes/s)

Spikes/s)

Spikes/s)

Spikes/s)

Figure 4. Representative neural activity during postural disturbances. (A) Pattern of
postural disturbance. (B) GABA neuron activity throughout the slow tilt cycle (15 tilts to
each side/minute). Top plot shows L+R- cell; bottom plot shows L-R+ cell. (C) Activity of
the same cells shown to the left during the fast tilt cycle (30 tilts to each side/minute).
(D) Dopamine neuron activity during the slow tilt cycle. Top plot is L+R-; bottom plot is

L-R+. (E) Activity of the same cells shown to the left during the fast tilt cycle.
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Figure 5. Left substantia nigra summary. Spike density functions and averages of cell
populations recorded from the substantia nigra whose activity was significantly
correlated with tilt disturbance. Left column of all plots shows peri-tilt activity during
30rpm disturbance (15 tilts/side/minute). Right column shows activity during 60rpm
disturbance (30 tilts/side/minute). Top spike density function of each pair shows L-R+
cells; bottom heatmap shows L+R- cells. Blue trace in each population average plot
shows average firing of L-R+ cells shown in above heatmaps; red trace shows average
firing of L+R- cells shown in above heatmaps. All plots are normalized by z-score
(number of standard deviations from the mean). (A) Pattern of postural disturbance. (B)
Spike density functions of peri-tilt activity in GABA neurons. (C) Population averages of
peri-tilt activity in GABA neurons. (D) Spike density functions of peri-tilt activity in DA
neurons. (E) Population averages of peri-tilt activity in DA neurons.
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2.3.2. Neural correlates of postural disturbance

Neural activity was recorded from DA (n=62) and GABA (n=427) neurons in the
substantia nigra of 8 mice over a period of roughly 4 months per animal. Waveforms
were manually classified as single units on the basis of appearance and clear separation
from noise. The same electrode could pick up signals from multiple distinct single units
at a time. The range of single units recorded during a single session on all channels
combined was 3 to 31. Waveforms changed significantly over the course of recording
sessions in a given animal, suggesting the detection of new units over time. After the
experiments were completed, mice were perfused and electrode placement was
verified. All electrodes were located in the substantia nigra pars reticulata and pars

compacta.

As shown in Figure 2, the isolated single units were classified as putative
GABAergic or dopaminergic (hereafter referred to as GABA and DA) on the basis of spike
duration and mean firing rate, as established by previous work (Grace and Bunney,
1983; Ungless and Grace, 2012). As shown in Fig. 2, waveforms with longer durations
(full width at half maximum) and lower firing rates (mean 7.8+0.92Hz) were classified as
DA neurons and those with short spike duration and higher firing rates (mean
1940.94Hz) classified as GABA neurons (Fan et al., 2012; Rossi et al., 2013). Although the
mean firing rates of DA neurons are often higher that that reported in previous work,

such differences may in part be attributed to the use of anesthetized preparations in
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previous work (Brown et al., 2009). Of course, the use of awake-behaving mice in the
present study precludes labeling and histological confirmation of cell type, which
unfortunately remains a major limitation in studies of freely moving animals. It is
important to note that many recorded putative DA and GABA neurons have comparable
firing rates, but their spike durations are still significantly different. Cells with ambiguous
classification based on the above criteria were excluded from all further analysis. The
locations of all electrode arrays are shown in Fig. 3. All arrays targeted the substantia
nigra, with electrode tracks in the pars reticulate and pars compacta.

Two clear patterns of neural activity were observed during postural disturbance:
‘L+R-" cells continuously increased activity with increasing tip to the left and
continuously decreased activity with increasing tip to the right; ‘L-R+’ cells exhibited the
opposite pattern (Figures 4-5). These two patterns of activity were observed in both DA
and GABA cells, during both fast and slow disturbance, and in both left and right nigra.
Although more recorded neurons were classified as L-R+, an examination of the data
from individual animals shows no consistent pattern, as some mice had more L+R-
neurons.

To quantify the relationship between neural activity and postural disturbance,
we performed a regression analysis with degree of tilt (7 to+7°) as the independent
variable and firing rate as the dependent variable. Strikingly, as shown in Fig. 6, in 14
cases, the coefficient of determination (R?) was>0.9, with over 90% of the variability in

firing rate accounted for by the variation in the degree of tilt (R* values range from 0.33
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to 0.98). Neurons were considered to show significant tuning to postural disturbance if
the regression analysis reached statistical significance (P<0.05). Among 427putative
GABA neurons, there were 119 L+R cells (28%, mean firing rate = 22.3+1.77Hz) and 202
LR+ cells (47%, mean firing rate = 20.0£1.37Hz). Among 62 putative DA neurons, there
were 23 L+R cells (37%, mean firing rate = 9.24+1.83Hz) and 16 LR + cells (26%, mean
firing rate = 5.23+0.76Hz). By contrast, we did not find any systematic relationship
between L+R—and LR+ neurons during the rest period, suggesting that these patterns of
neural activity are task-related rather than due to intrinsic reciprocal inhibition between
these different cell types.

We also performed a regression analysis to investigate the relationship between
neural activity and pressure pad readout (Figure 7). Because pressure pad data were
often noisy due to subtle movements and urination into the pressure pad mechanism,
only data from two mice were included in the analysis. We again found very high R?
values during postural disturbance, indicating that the neural patterns described above

reflect a behavioral variable which is closely related to foot ground force.
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Figure 6. Relationship between mean firing rate and tilt angle in different
populations of neurons. For each mouse, units significantly modulated by tilt were used
in a regression analysis. For a mouse with sufficient number of recorded units, the mean
firing rate of each population of dopamine ‘+" and ‘-, and GABA ‘+’and ‘-’ units was
calculated, and the coefficient of determination (R2 value) was calculated between tilt
disturbance and mean firing rate. Each graph shows the line of best fit between tilt and
firing rate in a given population. The corresponding colored dots show the mean firing
rate of that population for different angles of tilt. For all regression analyses shown,
P<0.05. The corresponding R? value is shown. (A) L+R- neurons. (B) L-R+ neurons.
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Figure 7. Relationship between mean firing rate and pressure pad readings in
different populations of neurons. For each mouse, units significantly modulated by tilt
were used in a regression analysis. In two mice, the coefficient of determination (R?
value) was calculated between the pressure pad reading and mean firing rate in a
representative session. The corresponding colored dots show the mean firing rate of
that population at different angles of tilt. For all regression analyses shown, P<0.05.
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2.4. Discussion

2.4.1. Summary

Here we exposed freely standing mice to two speeds of continuous postural
disturbance along the roll plane while recording wirelessly from the substantia nigra.
We found two clear patterns of neural activity during postural disturbance: L+R- cells
that increased activity as the animal was tilted to the left and decreased activity as the
animal was tilted to the right, and L-R+ cells that exhibited the opposite pattern of
activity. These two cell types were seen in both putative DA and putative GABA cells,
and in both left and right substantia nigra. In agreement with clinical observations
(Bloem et al., 1995; Miller, 1968), these results suggest an important role for outputs of
the basal ganglia in controlling posture.

Although the exact destinations of the signal reported here is unclear, it is known
that the substantia nigra sends strong projections to a number of brainstem motor
nuclei which are involved in different aspects of postural control. For example, the SNr
has prominent projections to the PPN and MLR, which are thought to orchestrate motor
sequences and transitions during locomotion (Garcia-Rill, 1986; Grillner et al., 2008,
Takakusaki et al., 2003). The SN also projects to the tectum (Hikisaka, 2000), which
controls orienting movements of the eyes, head and body (Saitoh et al., 2007). All of
these target regions of the SNr exert an effect through the reticulospinal system, the

system which has classically been most directly implicated in postural control.
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2.4.2. Reticulospinal cells and postural control

Previous work has shown that the reticulospinal system can generate
movements which resist the effects of postural disturbances (Zelenin et al., 2007). In
lamprey, reticulospinal neurons are known to receive inputs from the vestibular nuclei
and send projections to motor neurons. For each axis of postural control investigated,
two complimentary types of reticulospinal neurons were found; each was activated by
rotation in the opposite direction and produced movements that counteracted the
effect of that rotation on body position (Pavlova et al., 2004; Zelenin et al., 2007). There
are thus obvious parallels between reticulospinal activity and the nigral activity during
postural disturbance. Given the known anatomical connections, such similarities are not
surprising (Takakusaki, 2003; Takakusaki al., 2008). Our results suggest that the basal
ganglia may represent a hierarchically higher level for the control of posture. The
opponent outputs we observed may indeed ultimately influence distinct reticulospinal
pathways responsible for the control of distinct muscle groups (Peterson, 1979;
Peterson et al., 1979), via projections to tectum and PPN.

Interestingly, the opponent activity observed in this study is also similar to what
has been observed in mice performing timed instrumental behaviors (Fan et al., 2012).
When the mice were required to hold down a lever for a minimum time duration to
earn a food reward, both GABA and DA neurons were found to exhibit opponent
activity, one population increasing while another decreases its firing rate. Thus, for both

posture control and reward-guided instrumental behavior the basal ganglia output can
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be similar, generating a pair of opponent signals sent to downstream structures. These

antiphase output signals appear to be a general feature of BG outputs.

2.4.3. Closed loop control of posture

Posture control appears to operate as a closed loop negative feedback control
system (Lacquaniti & Maioli, 1994). According to this interpretation, posture along a
particular axis of body orientation is continuously restored to an equilibrium point
through a sensorimotor transformation from vestibular input to a pair of competing
spinal reflexes (Deliagina et al., 2006; Zelenin et al., 2007). However, because the
internal equilibrium ‘set point’ for posture can change (Deliagina et al., 1998; Deliagina
et al., 2006), then postural control cannot operate as simple sensorimotor
transformation, but must instead operate through a comparison of sensory input to an
internal reference signal (Yin, 2014a). Thus, a more computationally precise way of
describing this function is as a perceptual control system (Powers, 1973), in which
desired posture is represented as a set of controlled perceptual variables with internally
specified reference values. The current state of each perceptual variable is continuously
compared against its reference value to calculate an instantaneous error representing
the difference between current state and desired state. The error is then continuously
sent as a reference signal to lower systems in the control hierarchy that are capable of

reducing it.
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For example, orientation along the roll axis may be perceived in a quadruped as
a single perceptual variable generated through a weighted combination of
somatosensory (i.e. pressure distribution on the feet), vestibular and visual inputs
(Figure 8). If an animal is tilted along the roll axis, the value of this perceptual variable
will change compared to the reference value and generate an error of a particular sign.
Depending on magnitude of this error, the animal may produce a corrective output
ranging from reciprocal extension and retraction or sway of limbs across the body, to
rapid leftward or rightward locomotor sequences. The sign of the error will determine
whether the corrective responses are generated in the left or right directions.

According to this model, body orientation is controlled through a shared motor
hierarchy in which a number of variables may be controlled at once as long as their
outputs do not cancel each other. For example, an animal may control orientation along
roll and pitch planes simultaneously by sharing the same four leg posture control
systems as an output function to reduce the error (Figure 8). If the animal tips left,
reference pressure to the left feet is increased; if the animal tips forward, reference
pressure to the front feet is increased; if the animal is tipped left and forward then the
same commands are simply added together. The same basic principle holds true if the
animal is walking across a tilted surface; the outputs of locomotor and orientation
control systems are added together to achieve simultaneous control of both variables.

An important property of such a hierarchy is that higher systems controlling

‘voluntary’ actions, such as the basal ganglia, will need to adapt to the necessary and
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ongoing behavior of lower systems. If an animal is standing on a rightward tilted
platform, then in order to remain upright it will need to modify its body configuration by
extending the limbs on the right side of its body and retracting the limbs on the left side.
While the platform remains tilted, the performance of certain higher systems likely
depend on this altered configuration being treated as the new neutral baseline from
which voluntary movements must leave from, and return to; to control a motor
sequence on this tilted platform would require that this altered baseline be maintained
by ‘adding’ it into the outputs, or else the outputs will likely fail, or the animal will fall
over, or both. Thus, regardless of whether the postural correction itself is a function of
lower brainstem regions, outputs of the basal ganglia must adapt accordingly. The
patterns reported here could reflect such a shifting baseline for the effective neutral
position of lower reference signals.

However, as previously mentioned, the correlations between neural activity and
postural disturbance reported in the current study could also represent voluntary
changes in the reference states of lower systems by the BG. In the same way that a
passenger must produce voluntary movements and postural adjustments to succeed in
drinking a cup of coffee in a moving car, a mouse must produce voluntary movements
and postural adjustments to succeed in its own ongoing behavior on a tilting perch. In
both of these cases, the voluntary movements and their neural substrates are expected

to correlate in time, extent and direction with disturbances.
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2.4.4. DA-GABA interactions

Our results support a model of postural control, and motor control in general, as
a closed loop perceptual control system. However, the exact functions performed in this
system by SNc DA and SNr GABA neurons remain unclear. It also remains unclear which
input channels are responsible for the graded and continuous modulation of neural
activity by postural disturbances observed here. While the GABA neurons are known to
inhibit DA neurons, they are also known to be excited by DA. The activation of D1
receptors in SNR, through a TRPC3 mechanism, may be responsible for tonic
depolarization and sustained spiking in the GABAergic projection neurons (Zhou, 2010).
Because the basal ganglia have access to higher-order sensory information, which
combines proprioceptive, visual, and vestibular inputs, the GABAergic outputs from the
SNr can represent error signals in higher order control systems. Through connections to
brainstem motor regions, these GABA signals can specify reference perceptions for
lower levels, such as speed of locomotion at the MLR or orientation relative to target at
the tectum. Through thalamic projections and the pyramidal tract, SNr GABA signaling
may specify the body configurations and control sequences required to execute complex
learned behavior. SNc DA output, on the other hand, targets a different set of brain
regions primarily in the striatum. Because of its function as a neuromodulator that can
adjust sensitivity in basal ganglia circuits, it is possible that dopamine performs a critical
adaptive control process, such as gain adjustment in striatal outputs, and thus BG

outputs, in response to signal velocity. The similarity in activity between dopamine and
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GABA activity seen during postural disturbance could thus be due to the fact that
adaptive gain control and movement are tightly coupled, or due to the fact that we used
a continuous sinusoidal disturbance which makes it difficult to differentiate between
signals representing velocity and those representing position.

It should also be noted that although the regions of the SN we recorded from
(Figure 3) contain mostly GABA and DA neurons, we cannot ascertain the type of
neurotransmitter used by the recorded neurons. Nor do the present results tell us how
different types of tilt-activated neurons are related to the known heterogeneous cell
groups in the substantia nigra (Henny et al., 2012). Thus, any reference to nigral
GABAergic output or to nigrostriatal DA transmission is provisional. Future studies using
direct and selective manipulations of these neuronal populations, e.g. with optogenetic

techniques, are needed to confirm their functional roles

2.4.5. Classical model in need of revision

This continuous modulation of output shown here is at odds with the classical
perspective of the basal ganglia as a gate which must sustain output at a steady level to
function properly (Hikosaka, 2007). According to this model, the basal ganglia function
as a gate by tonically inhibiting tectal and brainstem nuclei before behavior and
transiently disinhibiting these target nuclei when a particular behavior is selected. It

assumes that during a baseline period of no apparent behavior, the neural outputs of
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those nuclei are suppressed by the basal ganglia. But this assumption is unrealistic, as
behavior is rarely all or none. This fact becomes more apparent when one considers the
importance of smoothly modulating the extent of various aspects of movement during
natural behavior, such as speed of locomotion and degree of turning. Another finding
which is at odds with the classical literature is the observation of two populations of SN
GABA cells with reciprocal patterns of activity. This bidirectional modulation has been
reported previously (Fan et al., 2012), and, combined with the current findings, suggests
a scenario in which the high baseline firing rate of SNr GABA represents a ‘zero’ from
which deviations above and below can act as specific positive and negative signals sent

to command lower systems in different directions and to different degrees.
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3. Basal ganglia outputs map instantaneous position coordinates during
behavior

3.1. Introduction

As discussed in the previous chapter, the prevailing model of BG function
assumes that a decrease in inhibitory output enables movements, whereas an increase
prevents movements (Albin et al., 1989; DelLong, 1990; Hikosaka et al., 2000). Although
this model is supported by a number of classic studies (Hikosaka et al., 2000), it is also
incompatible with a number of behavioral and neural observations. For example, it is
clear that behavior is rarely all or none but instead consists of a number of overlapping
motor programs with graded intensity; an animal may speed up or slow down, turn
more or less, and maintain upright posture all at once. It has also been observed that
neurons in the SNr both increase and decrease their firing rates in relation to movement
(Gulley et al., 1999; Basso and Wurtz, 2002; Fan et al., 2012; Freeze et al., 2013). As an
attempt to fit these opponent outputs to the classic model framework, it has been
proposed that the BG outputs disinhibit some actions while inhibiting all competing
actions (Mink, 1996; Cui et al., 2013). However, this ‘focused selection’ model does not
clearly define the meaning of ‘action’, and implies a scenario in which behavior consists

of a set of motor programs which are simply ‘on’. This model makes no attempt to

! This chapter is a modified version of a previously published article: Barter JW, Li S, Sukharnikova T,
Rossi MA, Bartholomew RA, Yin HH (2015b) Basal ganglia outputs map instantaneous position
coordinates during behavior. J Neurosci 35:2703-2716.
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explain the role of basal ganglia outputs in generating the complexity or graded nature
of the kinematic outputs seen during natural behavior.

In the experiments of the previous chapter we demonstrated continuous and
graded modulation of substantia nigra activity during a postural control task. The
reported correlations between neural activity and tilt angle are thought to reflect
adjustments in the parameters and reference states of motor systems required to
maintain body stability on a tilting platform. However, because we did not directly
record kinematic outputs in this study then the exact relationship between neural
changes and postural changes remained unknown. The current experiment was
designed to address this unknown through the use of continuous motion tracking of the
head in parallel with neural recording from the substantia nigra during a simple goal-
directed task.

In this study, mice (n=10) were water deprived and then positioned in the same
perch used in experiment 1. However, in this study, the perch was kept stationary and
modified by the addition of a movable drinking spout (Figure 10 A and C). During each
session, mice performed a simple reward-guided task in which sucrose solution was
delivered in small quantities ~2s after the presentation a cue. The purpose of this task
was to elicit reward-directed head movements (recorded and tracked with the use of a
head-mounted LED and a front-facing video camera), and to correlate these continuous
movements with the activity of GABA output neurons in the SNr. Z axis movement,

locomotion and body rotation were prevented by the small size of the perch so that
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head tracking data largely represent x and y-movements of the head along the frontal

plane (Figure 10A).

3.2. Materials and Methods

3.2.1. Subjects and Surgery

All procedures were approved by the Duke University Institutional Animal Care
and Use Committee. Ten male C57BL6/J mice (25-31g) were used in the experiments.
Detailed procedures for surgeries have been described previously (Fan et al., 2011; Fan
et al., 2012; Rossi et al., 2013a). Sixteen-channel electrode arrays (Innovative
Neurophysiology) were lowered at the following stereotaxic coordinates in relation to
bregma: 2.9-3.0mm posterior, 1.2mm lateral, and 4.6-4.7mm below brain surface (5
mice were implanted in the left SNr; 5 in the right SNr). The arrays consisted of micro-
polished tungsten wires, 35um in diameter and 7mm in length, arranged in a 4 by 4
configuration. All arrays were attached to an Omnetics connector and fixed to the skull
with dental acrylic. Row spacing was 200um and electrode spacing was 150pum.
Following the completion of the experiments, all mice were perfused and their brains
sliced with a Vibratome into 100um coronal sections, stained with thionin, and

examined under a microscope to verify electrode placement.
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3.2.2. Behavioral task

To induce mice to perform reliable movements repeatedly, we gave them
limited access to water. After the recording session each day, they had free access to
water for 1 hour. Each mouse received about 0.5ml to 1.3ml of 10% sucrose during the
experimental session. When they had free access to water afterwards, they consumed
~2ml. The health of the mice was monitored daily by the laboratory staff and
veterinarians from the Division of Laboratory Animal Resources at Duke University. On
weekends, all mice were given continuous free access to water.

During the session, mice could obtain 10% sucrose solution from a spout located
next to the platform. They perched on a platform positioned within a tube (5cm
diameter, 3.8cm length, elevated 40cm). The platform (13cm) was suspended by a
custom built rigid ‘T’ shaped structure formed of 1cm diameter aluminum rod. Mice
were first exposed to the elevated platform for at least 1 hr before the start of the
experiments, allowing them to acclimate to the experimental setup.

In most experiments we used a simple reward-guided task, in which sucrose
solution was periodically delivered into a spout just below the platform. Each trial began
with the presentation of a tone (21.6dB) followed by the delivery of 13ul 10% sucrose
solution dispensed by a Valvelink 8.2 (AutoMate Scientific, click of the solenoid: 34.7 dB)
and delivered through a rubber tube terminating in a metal spout. On some sessions,
the spout was moved laterally to different positions along the front bottom of the

platform. The approximate locations of the spout (distance from the edge of the frame
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in mm) were: 40, 66, and 86 (x-axis), and 19 (y-axis).

On some sessions, a 100ms tone was used as a cue, and the sucrose was
delivered ~2s after the termination of the tone (trace conditioning). On other sessions, a
2s tone was used, and the sucrose was delivered immediately after cue termination.
Each session contained 30-250 trials, with an inter-trial-interval of 20-50s. Because the
variation in the cue duration did not have any effect on the relationship between

position coordinates and neural activity, the data were combined in the analysis.

Mean Rate (HZ)

0 20 X0 40 0 60

FWHM (us)

Figure 9. In vivo electrophysiological recording and classification of single units.
(A) llustration of the representative placement of electrode array in the SNr. (B)
Placement of the 4x4 electrode array as shown in representative coronal brain sections
from three different mice. Red arrows indicate electrode tracks. Scale bar, 500um. (C)
Summary of electrode placements. The coronal sections are from the Allen Mouse Brain
Atlas (Lein et al., 2007); http://mouse.brain-map.org/. (D) Four representative examples
of putative GABAergic neurons, showing the waveforms and interspike interval
distribution. (E) Plot of firing rate versus spike width. Neurons with wider action
potentials are excluded (other).
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Figure 10. Illustration of behavioral task and wireless recording. (A) lllustration of
in vivo wireless multielectrode recording and the behavioral task. The mouse perches on
a small platform, where it is free to move, but locomotion is not possible as the platform

is elevated. On its head is a 16-channel wireless headstage (1.5 x 1.5cm) weighing 3.8g
and connected to a chronically implanted multielectrode array targeting the SNr.
Sucrose solution is delivered into the spout periodically, preceded by a brief tone.
Position of the LED is defined on a Cartesian plot with the ordered pair (x, y). (B)
[llustration of variability in movement trajectory. Each color represents position change
during a single trial. (C) Diagram illustration of a typical movement initiated by the
mouse to collect sucrose from the spout. (D) Representative illustration of LED position
from 45 consecutive trials in a session. The x- and y-coordinates are plotted separately.
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Typically a mouse would move its entire body after the cue presentation and
upon reward delivery. Its body was not restrained, but the size of the tube prevented it
from turning around. The mouse could readily move towards the spout to collect
sucrose reward and move back to resume its resting position. In some experiments (4
mice), we used both sucrose and air puff trials. The introduction of aversive air puff
trials is designed to test whether the observed correlation between neural activity and
movement kinematics is independent of the valence of the outcome. For sessions
comparing reward trials and air puff trials, either an ABAB design was used, in which
reward trials and air puff trials were presented in alternate blocks, or an AB design was
used, in which reward trials were followed by air puff trials. The cue duration for these
sessions was always 100ms. Air puffs (82.7kPa) were 200ms in duration and delivered

from a computer-controlled 1500 series dispenser (EFD) from 10cm below the animal.

3.2.3. Video tracking

Mouse movement was recorded with a steady-frame rate camera (Sony
Handicam HRD-XR160) at 30frames/s. Video and neural datasets were aligned with an
LED flash at the start of each session which generated a video time-marker in synchrony
with a transistor-transistor logic (TTL) pulse in the Cerebus data acquisition system
(Blackrock). Mouse movement was digitized offline using Optimap (Triangle BioSystems

International), which tracked LED position in each frame in pixel coordinates. Because of
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the orientation of the camera and the fact that the mouse is prevented from
significantly changing orientation, these pixel coordinates accurately reflect head

position in the frontal plane.

3.2.4. Neural recording and data analysis

Single unit activity was recorded with miniaturized wireless headstages (Triangle
BioSystems International) using the Cerebus data acquisition system (Fan et al., 2011).
The chronically implanted electrode array was connected to a wireless transmitter cap
(~3.8g). Attached to the front end are miniature LEDs (2mm, Osram, powered by 2
Energizer 379-type batteries). During recording sessions, single units were selected
using online sorting. Before data analysis, using Offline Sorter (Plexon) the waveforms
were sorted again to eliminate noise and multi-unit waveforms (Fan et al., 2011; Rossi et
al., 2013a). Only single-unit activity with a clear separation from noise (at least 5 to 1
compared to the noise band) was used for the data analysis (Nicolelis, 2007). The
behavioral and electrophysiological data were recorded with a Cerebus data acquisition

system and analyzed with Matlab, Neuroexplorer, and Graphpad Prism.
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3.3. Results

3.3.1. Histology and single unit classification of putative GABAergic neurons

Using chronically implanted 16-electrode arrays, we recorded from putative
GABAergic output neurons in the SNr (Figure 9). The nissl stained brain slices showed
that the electrode arrays in all mice were placed in the medial SNr, which receives
projections primarily from the dorsal striatum (Bolam et al., 1993; Parent and Hazrati,
1995).

The putative GABAergic output neurons, which constitute the majority of
neurons in the SNr, are known to inhibit downstream structures (Chevalier et al., 1984;
Hikosaka, 2007; Zhou and Lee, 2011). They are characterized by high firing rates and
narrow spike waveforms (Hikosaka, 2007; Jin and Costa, 2010; Zhou and Lee, 2011; Fan
et al,, 2012; Rossi et al., 2013a; Barter et al., 2014). For cell type classification, we used a
criterion of 160 ps for the full width half maximum measure (FWHM). As shown in
Figure 1E, the FWHM of all neurons classified as putative GABAergic output neurons is

less than 160us.

3.3.2. Behavior
We tracked the position of the LED on the head of the mouse at 30frames/s.
From the video recording we were able to obtain the xy Cartesian coordinates of the

head position over time (Figure 10A-B). Because our camera is facing the animal, an
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increase in the x-value indicates movement to the left of the mouse, whereas a
decrease indicates movement to the right. An increase in the y-value indicates upward
movement, whereas a decrease indicates downward movement.

All mice reliably moved following the tone to consume sucrose solution from the
spout. Given the use of a single LED for video tracking, we cannot rule out the
movement included head or eye rotation, or extension along the z-axis. However, unlike
in primates, rodents rarely make eye or head rotations independently of the rest of the
body. As illustrated in Figure 2C, a typical movement involved configuration changes
throughout the entire body. Each movement in a session was also unique (Figure 10D),
resulting in significant variability in movement kinematics throughout a single session.
The variability in movement kinematics in unrestrained animals is in agreement with

classic studies of human movements (Bernstein, 1967).

3.3.3. Neural activity reflects position coordinates

From the motion tracking data we obtained x and y-coordinates of the head LED
position at 30frames/s. When these are compared to the single unit activity, we
observed a striking correlation between the firing rate and the Cartesian coordinates of
head position (Figure 11).

The activity of 76% (243 of 318) of all putative GABAergic neurons is significantly

correlated with the Cartesian coordinates of head position (p<0.001 for Pearson
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correlation). Because each movement involves a change in both x and y-coordinates
(Figure 10B), these measures can be correlated with each other. Because no movements
are perfectly diagonal, however, x and y-coordinates do not change equally (Figure 10B).

We classified a neuron as being correlated with x or y-coordinates only when
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Figure 11. Relationship between single-unit activity from SNr and raw position
coordinates during movement. (A) The firing rate of SNr neurons exhibits high
correlation with instantaneous position coordinates. The position is defined from the
edge of the frame in the captured image. Higher x-coordinate values indicate positions
to the left of the resting neutral position, whereas lower x-values indicate positions to
the right. In each of the four panels, red raster plots and histograms illustrate the
activity of a single neuron; blue plots illustrate the corresponding x or y-axis head
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position of the animal during the same session, as measured with LED tracking. The
cartoon sequence at the bottom of each panel depicts the head movement. All plots are
centered around reward delivery, which is marked with a light blue bar. The top left
panel shows a neuron with positive correlation with x-coordinates of the head (X+
neuron, p<0.001).; top right panel shows a neuron whose activity correlates positively
with the y-coordinate of the head (Y+ neuron, p<0.001); bottom left shows a negative
correlation with X position (X- neuron, p<0.001); bottom right shows a negative
correlation with y-position (Y- neuron, p<0.001). (B) Correlation between firing rate and
instantaneous position coordinates.
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Figure 12. Summary of different types of nigral neurons. (A) r values for the four types of
neurons identified, showing high correlation between firing rate and either x or y-
coordinate. (B) r values for the four types of neurons identified, showing much reduced
correlation between firing rate and the alternative coordinate. For example, activity of
X+ neurons is poorly correlated with the y-coordinate. C, Baseline firing rate during a 2s
period before trial onset. (D) Timing of the neural activity (all four classes of neurons) in
relation to movement. Cumulative probability distribution of the time it takes from
reward delivery and the maximum or minimum value of the firing rates or position
coordinates. For the position data, this is approximately the time it takes for the mouse
to reach the farthest point from its resting position in either the x or y-axis.
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the correlation is very high (p<0.001). In this way we were able to identify neurons with
activity reflecting either the x-coordinates or the y-coordinates of the instantaneous
position.

For movement in any direction, single unit activity over time was either
positively or negatively correlated with head position values (Figure 11). Among the x-
correlated neurons, one class increases firing when the animal moves to its left side (X+)
and decreases firing rate when moving to the right. The firing rate is positively
correlated with the x-coordinates of the LED position (n=100, mean firing rate=23.0 *
2.1Hz, mean r=0.91 £ 0.008, p<0.001), but poorly correlated with y-coordinates (mean r
= -0.29 + 0.05). Another class shows the opposite pattern, increasing firing rate when
the animal moves to the right (“X- neurons”, negatively correlated with x-coordinates
(n=39, mean firing rate=17.5 + 2.6Hz, mean r=-0.84 £+ 0.01, p<0.001), but less correlated
with y-coordinates (mean r=-0.61 £+ 0.05).

Among the y-correlated neurons, “Y+ neurons” are positively correlated with the
y-coordinates: they increase firing with upward movement (n = 21, mean firing rate
=24.4 + 4.1Hz, mean r=-0.85 £ 0.02, p<0.001), but poorly correlated with x-coordinates
(mean r=0.33 £ 0.12). “Y- neurons” (Down+) are negatively correlated with the y-
coordinates: they increase firing with downward movement (n=83, mean firing rate =
20.8% 2.0Hz, mean r=0.87 *+ 0.009, p<0.001), but poorly correlated with x-coordinates
(mean r=-0.12 £ 0.07). Figure 4 shows the correlation coefficient (r values) for all 4 types

of neurons. Neurons that are correlated with x-coordinates are poorly correlated with
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the y-coordinates, and vice versa. On the other hand, these different types of neurons
showed similar baseline firing rates.

One question we addressed is whether the change in neural activity precedes
the change in head position. To assess the relative timing of these events, we measured
the time it took for the firing rate or movement to reach the maximum value or
minimum value (depending on the type of neuron) after the reward delivery (Figure
12D), which roughly corresponds to the time point at which the animal has reached the
sucrose spout. We found that the neural changes typically preceded head position
changes, suggesting that the nigral output could be used to generate the change in head
position. It should be noted, however, that higher temporal resolution in video tracking
will be needed to provide a better estimate of the lag between neural activity and
movement.

Another question is whether the observed correlation during movement is still
present in the absence of any overt movement. To address this, we compared the
correlation between neural activity and position during trials with a comparable period
between trials (a 10s window from the inter-trial-interval just before the onset of the
trial). Not surprisingly, the coefficient of variation in position was much lower during the
resting period (Figure 13), showing less movement during this period. As expected, since
there was little variation in either the neural activity or position, the correlation was also

much weaker.
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3.3.4. Normalization of neural activity

The mean firing rate of recorded neurons was highly variable. For all neuronsin a
particular class, the correlation with the position coordinate is highly similar, despite
large variations in baseline firing rates (Figure 14). When the firing rate is normalized
(divided by the baseline), the neurons show a remarkably uniform response in relation
to changes in position coordinates. This is found in all 4 classes of neurons. Thus a given
change in position coordinates is not accompanied by a certain amount of change in
absolute firing rate, but rather in percent change in firing rate. For example, a neuron
that fires at 30Hz at the onset of the movement can reduce its firing rate to 15Hz during
a particular movement, whereas a neighboring neuron that fires at 14Hz will reduce its
firing rate to 7Hz. When normalized both neurons show comparable proportional
change from their baseline firing rate. In addition, as shown in Figure 6C, the firing rate
modulation (% of baseline) needed to move a certain distance (1mm) is similar for most

neurons.

3.3.5. Dissociation from reward expectancy

The BG has long been implicated in reward-guided behavior (Kawagoe et al.,
1998; Rossi et al.,, 2013b). Since our behavioral task used a food reward to elicit
movement, one obvious question is whether the observed correlation is specific to

reward-guided movements. Because the firing rate mirrored the position of the animal,
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our results suggest that the SNr output may be necessary for all actions, not just reward-
guided actions. If this is the case, then we would expect that in the absence of any
rewards, or in response to an aversive stimulus, SNr activity should still be correlated
with head position during movements. To address this question, we conducted an
additional experiment in 4 mice, in which rewards were periodically replaced with an
aversive air puff. In this experiment, a block of rewarded trials was followed by a block
of air puff trials, or blocks of sucrose and air puff trials alternated in an ABAB design. On
aversive trials, a brief air puff to the face is used as an aversive stimulus that reliably
generates avoidance responses (Thompson et al.,, 1998; Matsumoto and Hikosaka,
2007). Using this technique, we were able to examine the response of the same neurons
during sucrose and air puff trials. As shown in Figure 15, on both reward and air puff
trials the mice reliably moved at the time of the cue and at the time of the air puff
delivery. The movement trajectory, illustrated by the red trace in the cartoon, differed
significantly between rewarded and aversive trials. On air puff trials, instead of
approaching the spout, the animal moved its head up and away from the air puff. Yet
the correlations between position coordinates and neural activity were comparable on
both reward and air puff trials. This correlation is therefore independent of the presence
of reward. These results suggest that the SNr output is crucial for controlling the
kinematics of voluntary movements, regardless of the goal of the movements—whether

to seek reward or to avoid harm. These results suggest that the SNr output is crucial for
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controlling the kinematics of voluntary movements, regardless of the goal of the

movements—whether to seek reward or to avoid harm.
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Figure 13. Summary of baseline neural activity and movement. (A) Stability of
position measure and firing rate. We extracted 10 s time windows during rest periods
from all sessions. The position signal and the neural activity are shown. There is no
systematic change in these measures during the rest period over the course of a session.
(B) Coefficient of variation (CV, SD/mean) in the position measure during a trial and
during the rest period. During the rest period between trials, there is little movement as
indicated by much lower CV values in the position. (C) Correlation between firing rate
and during the rest period, when there is little movement.
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3.3.6. Topographical distribution

Because each class of neurons classified in the present study is correlated with a
unique set of position coordinates, then if their firing rates were averaged the resulting
signal would not reflect any movement parameter accurately. We examined the
relationship between local field potential (LFP), a measure of population activity in the
SNr recorded using the same electrodes, and position coordinates. As expected, the LFP
measure is not highly correlated with position coordinates. Of 166 LFP channels
analyzed, only 15 show significant correlation with any of the 4 position variables
(Figure 16). Thus more global measures of neural activity, such as LFP or the Blood-
Oxygen-Level-Derived (BOLD) signal in fMRI, cannot accurately reveal the nigral
representation of position coordinates during movement.

An additional important question is where these different classes of neurons are
located in the SNr. It is plausible that there is regular spatial distribution of cell types, or
even some form of somatotopic mapping. Unfortunately, with our in vivo recording
techniques it is difficult to ascertain the precise location of recorded cells. However we
were able to quantify the degree of ‘intermingling’ of recorded neurons by analyzing the
co-occurrence of cell types on all electrodes that recorded activity from more than one
neuron. This technique assumes that the co-occurrence of different neurons on a single

electrode can serve as a measure of spatial proximity, and thus degree of
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Figure 14. Normalization of firing rates in SNr neurons. (A) Each row includes raw firing
rates and normalized firing rates from two neurons, and corresponding position change
from a different mouse. Left column: raw firing rates of two neurons of a given type
from a mouse. Middle column: normalized firing rates of the same neurons. The rates
are normalized by dividing by the baseline rate of each neuron. Right column: position
change. The relative change in position from baseline is shown, as absolute position
values are defined by the edge of the camera frame. (B) The range of baseline firing
rates in neurons from the four different classes. Each graph represents the range of
baseline firing rates from a single session. Data from all mice with multiple neurons from
a class are shown. There is considerable variability in baseline firing rates, although the
correlation with position coordinates is highly similar. (C) Distribution of firing rate
modaulation (% of baseline) per millimeter. Most neurons show comparable degree of
modaulation relative to movement amplitude.
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puff trials. (B) Firing rate of a Y- neuron. Same as above. (C) Distribution of r values of all
neurons recorded during both reward and air puff trials.
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intermingling. As shown in Figure 16, it is common for a single electrode wire to detect
signals from neurons from different classes, e.g. both X+ and Y+ neurons. Thus there
appears to be significant intermingling of the different classes of neurons, though such a
coarse analysis cannot reveal any fine spatial mapping of the neuronal classes. On the
other hand, the possibility of topographic distribution of the respective functional cell
classes is supported by the high proportions of simultaneous recordings of cells with
similar properties, and by the few instances in which LFP was highly correlated with
position coordinates (Figure 16E). It is also possible that mixed pairs recorded from a

single electrode could result from recording in border zones.

3.3.7. Egocentric reference frame and movement direction

The above results demonstrated that the firing rates of different SNr neurons
reflect the Cartesian coordinates of the animal’s instantaneous head position. However,
the Cartesian mapping reflects the observer’s view of the animal, as captured by the
camera. From the perspective of the mouse, an egocentric frame of reference is
appropriate. If we adopt an egocentric reference frame, then changes in position
coordinates reflect movements in four directions: up, down, left, right (Figure 17). Thus,
for movement in a particular direction, some neurons increase firing whereas others
reduce firing. For example, when the mouse moves to its right, the firing rate of the

“right+”(X-) neurons increases while that of a “left+” (X+) neuron decreases. Figures 10-
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13 show that the observed correlation between neural activity and instantaneous
position coordinates is found for every individual movement. The same neuron
increases firing during movement in its “preferred” direction and reduces firing during

movement in the opposite direction.

3.4. Discussion

3.4.1. Summary

We found strong linear correlations between the firing rates of SNr GABA cells
and the corresponding instantaneous head position of the animal in Cartesian space.
Individual cells were correlated either positively or negatively with head position along
either the x-axis or y-axis. Each class of neuron (X+, X-, Y+,Y-) represents the x or y-
vector component of head-position. The combined output from both x and y-correlated
cells is thus sufficient to recreate the animal’s head position over time.

It is important to note that we only recorded head position along x and y-axes of
the frontal plane, so it is entirely possible that there could be similar populations in the
SNr correlating with the position of other body parts, such as head extension along the z
axis or aspects of limb configuration. To address this question we will need to employ
3D motion tracking. Despite this limitation, our results show for the first time a
continuous and quantitative relationship between outputs of the basal ganglia and

position coordinates during movement.
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3.4.2. Problems with current models of BG function

Current models of basal ganglia function assume that GABAergic outputs from
the SNr, because of their high firing rates, are responsible for tonically inhibiting
brainstem motor structures such as the tectum and MLR. According to these models,
while these inhibitory signals are in place the motor structures are prevented from
functioning and the animal does not move. By transiently pausing this inhibition to a
particular motor region, that region is disinhibited by the BG and allowed to function;
thus generating movement. (Hikosaka and Wurtz, 1983; Chevalier and Deniau, 1990;
Hikosaka, 2007; Grillner et al., 2013). Although this model works to explain the discrete
behavior of animals in certain highly controlled experimental tasks, it falls short in
explaining the continuous changes in extent and direction of motor programs during
free behavior. An additional difficulty with this model is in accounting for the
experimental observations reported here; although we frequently found cells that were
inhibited below baseline during movement in one direction, those same cells were
found to be excited above baseline during movements in the other direction. Moreover,
the signal is not monolithic but consists of at least 4 different components; two
antiphase signals for each of the two axes of head movement (X+, X-, Y+, Y-). In spinal
circuits, such opponent signaling is needed coordinate the activity of opponent muscles
to change the angle of a joint. However the signals reported here do not reach the
spinal cord but instead control a higher-level variable requiring the coordination of

multiple muscles, such as joint angle itself or body orientation.

79


file:///C:/Users/Joe/Downloads/Nigra%20XY%20JN%20rev%20Nov%2022.docx%23_ENREF_21
file:///C:/Users/Joe/Downloads/Nigra%20XY%20JN%20rev%20Nov%2022.docx%23_ENREF_7
file:///C:/Users/Joe/Downloads/Nigra%20XY%20JN%20rev%20Nov%2022.docx%23_ENREF_20

A Pairs from single electrodes B

o
FS

T
]
[ =
E 03 ©
- E1
) =
]
§ 02 £
£ c X position
g S 5
g 01 =2 Y position
& 2
o
a

0.0

B AR 4R 4o de A0 AC AL 4 A
3.*__* *‘l*. 4’*4—’ *ﬂ-#.#*, e

c =
- Y- cell #1 g 2 5
° 3 >
& : ok ¥ B soows
®
g e X position Y position
5
o r=0.91
9 r=0.99
e X+ cell #2
w 2 3
c Y- cell #2 2 >
£ z -
& g B
+ ;
>
-1.5 x
X position Y position h
LFP from pin with r=0.02 =039
9
=
g 2
o H
X (mm) Y (mm)

Figure 16. Single-unit activity from a single electrode compared with LFP signal from the
same electrode. (A) Probability of co-occurring neurons recorded from the same
electrode. (B) lllustration of the per-reward change in x and y-coordinates during a
single session. (C) From the same session, 2 X+ neurons and 2 Y- neurons are shown
with their waveforms. All cells show high correlation with position coordinates.
Correlation analysis is performed on data from a 10 s perireward time window (5s
before and 5s after reward delivery). (D) LFP recorded from the same electrode as X cell
#1. Correlation between LFP and position coordinates is much weaker. (E) The
distribution of r values for all the recorded LFP channels. Of the 166 LFP channels
analyzed, only 15 showed significant correlation with position coordinates (colored,
p<0.001). Thus, when activity is summed from different types of neurons, the resulting
correlation between neural activity and position is weaker. The relatively rare examples
of LFP being highly correlated with position coordinates suggest that neurons belonging
to a particular class (e.g., X+) might be located close to each other.
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Figure 17. Schematic illustration of different types of neurons. (A) lllustration of
hypothetical mouse movement in relation to the neural activity. The firing rates of the
four types of neurons are shown. For this hypothetical example, 1 spike/s is equal to 1

unit of change in x or y-coordinate. The units are arbitrary. The starting position is (9, 9).
(B) The mouse moves to its left and up. The LED position changes to (11, 11). (C) Right,
The mouse moves to a new position (6, 7). Relative to its start position, the change is
(3,2). (D) Schematic illustration of the relationship between neural activity in relation to
movements in four directions. The illustration of neural activity does not represent
actual data because we did not record all four types of neurons from a single animal
during a session. Opponent activity was observed during movement in any direction. For
example, Y+ (Up) neurons increase their activity during upward movements and
decrease their activity during downward movements. The opposite is true of Y- (Down)
neurons.
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Figure 18. Left + (X+) neuron increases firing during leftward movement and decreases
firing during rightward movement. (A) Detailed illustration of the correlation between
firing rate and x-coordinates on a trial-by-trial basis. Neural activity and x-coordinates
from 10 consecutive trials are shown. Each row represents a single trial. (B) Neural and
position data from a single trial are selected and compared. x-axis position changes
during each movement are reflected in the firing rate of this neuron. The mouse moves
to the right to consume sucrose. The activity of the neuron decreased during the
rightward movement and then increased when the mouse moves left again to recover
its initial starting position. (C) Average firing rate changes and changes in different
movement parameters. In this example, the y-component of the movement is much
smaller. The plots on the right show velocity and acceleration data for the same
movements. (D) Using an egocentric reference frame, the direction of firing rate
changes corresponds to the direction of movement. There was a positive correlation
between neural activity and position change in a leftward direction (r=0.99, p<0.001).

The correlation with the non-preferred Cartesian axis is also shown. The diagram on the
right shows the gradient of firing rate in relation to position coordinates.
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firing during leftward movement. (A) Detailed illustration of the correlation between
firing rate and x-coordinates on a trial-by-trial basis. Neural activity and x-coordinates
from 9 consecutive trials are shown. Each row represents a single trial. (B) Neural and
position data from a single trial are selected and compared. x-axis position changes
during each movement are reflected in the firing rate of this neuron. (C) Average firing
rate changes and changes in different movement parameters. The plots on the right
show velocity and acceleration data for the same movements. (D) Using an egocentric
reference frame, the direction of firing rate changes corresponds to the direction of
movement. There was therefore a negative correlation between firing rate and raw x-
coordinate value but a positive correlation between firing rate and distance in the
rightward direction (p<0.001). The correlation with the nonpreferred Cartesian axis is

also shown. The diagram on the right shows the gradient of firing rate in relation to
position coordinates.
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Figure 20. Up (Y+) neuron increases firing during upward movement and decreases firing
during downward movement. (A) Detailed illustration of the correlation between firing
rate and y-coordinates on a trial-by-trial basis. Neural activity and y-coordinates from 10
consecutive trials are shown. Each row represents a single trial. (B) Neural and position
data from a single trial are selected and compared. (C) Average firing rate changes and
changes in different movement parameters. The plots on the right show velocity and
acceleration data for the same movements. (D) There is a positive correlation between
firing rate and y-coordinates and distance in the upward direction (p<0.001). Using an
egocentric reference frame, the direction of firing rate changes corresponds to the
direction of movement. The correlation with the nonpreferred Cartesian axis is also
shown. The diagram on the right shows the gradient of firing rate in relation to position
coordinates.
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Figure 21. Down (Y-) neuron increases firing during downward movement and decreases
firing during upward movement. (A) Detailed illustration of the correlation between
firing rate and y-coordinates on a trial-by-trial basis. Neural activity and y-coordinates
from 10 consecutive trials are shown. Each row represents a single trial. (B) Neural and
position data from a single trial are selected and compared. (C) Average firing rate
changes and changes in different movement parameters. The plots on the right show
velocity and acceleration data for the same movements. (D) Using an egocentric
reference frame, the direction of firing rate changes corresponds to the direction of
movement (p<0.001). There was therefore a negative correlation between firing rate
and raw y-coordinate value but a positive correlation between firing rate and distance in
the downward direction (p<0.001). The correlation with the nonpreferred Cartesian axis
is also shown. In this case, the correlation with distance traveled in the leftward
direction is also high because the movement is nearly diagonal, so that the x and y-
position changes are similar. However, the correlation with y is still considerably higher,
and trial-by-trial examination of the data confirms that this neuron is selective for the y-
component of the position vector. The diagram on the right shows the gradient of firing
rate in relation to position coordinates.
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Figure 22. Hypothetical BG circuit. SNr neurons receive projections from the striatum
and external globus pallidus, via the direct (D, striatonigral) and indirect (I,
striatopallidal) pathways. Although these projections are GABAergic, the net effect on
the SNr can be either inhibitory or excitatory (disinhibitory), since changes can occur
above or below baseline firing rate. In this model, outputs from both direct and indirect
pathways of the striatum represent velocity error signals which are integrated in the SNr
to generate a position reference signal. This SNr integrator is assumed to be leaky.
Similar to reciprocal inhibition in the spinal cord, the proposed circuit generates
opponent outputs for movement in any direction. Here we show an x and a y head
position controller but in principle a similar circuit could underlie position control of any
joint. The functional significance of this reciprocal innervation is to allow movements in
both directions; without it—as with two muscles at a joint—the system could move
quickly in one direction but not in the other. The striatum, especially the sensorimotor
region, is hypothesized to contain at least four different modules, each responsible for
movement in a specific direction. Because z-axis motion has not been measured, only
four directions are illustrated here. Two of the four vector components are associated
with any movement (e.g., upward and rightward), as movements usually have both
horizontal and vertical components. The total output (number of spikes) from a
particular striatal module represents the magnitude of the isolated position vector
component, and the firing rate represents velocity (Kim et al., 2014). Using the outputs
from different vector component modules, this circuit can perform vector addition to
generate the resultant movement vector.
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Previous models also assume that the basal ganglia are important for action
selection, but the precise meaning of ‘action’ has never been made fully clear. Typically
taken to mean an overt, ‘all or none’ task-related movement such as a saccade or lever
press, the term implies that behavior consists of a series of pulse-like outputs when in
reality it is a continuous and continuously graded process. For example, according to the
‘focused selection” model (Mink, 1996), a pause in BG output disinhibits one action, such
as reaching or locomotion, while inhibiting all other actions, such postural corrections.
As discussed previously, this account is at odds with the fact that postural control must
occur in parallel with virtually all behaviors in order for those behaviors to occur
successfully (it is difficult to reach for a lever if you have fallen down). This account is
also at odds with the obvious reality of free behavior, which involves the continuous
adjustment of multiple motor programs in parallel, such as running, jumping and
orienting. By contrast, our results suggest that behavior must be studied as a continuous
process, and neural activity as continuously varying. Another model of basal ganglia
function that our results are at odds with is the ‘rate model’ (DeLong, 1990), according
to which the direct and indirect pathways converge on the output nuclei of the basal
ganglia where their influences are combined. This model assumes that monolithic
output signal of the basal ganglia determines both the speed and amplitude of
movements, with the direct pathway contributing to increase these variables and the
indirect pathway contributing to decrease them. This model assumes that the amplitude

and speed of movements are equally represented in the outputs of the BG, whereas our
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data show that BG output signals are correlated with instantaneous head-position. It is
the thus the rate of change of these signals that represents velocity of movement, and
the range of these signals that represents amplitude. While SNr output is affected by
both direct and indirect pathways, which are known to be simultaneously active during
movement (Cui et al., 2013), their exact contributions remains unknown. The role we
hypothesize for the direct and indirect pathways in generating these signals is outlined

in Figure 22.

3.4.3. The meaning of transition control

All behavior involves movement, which can be described in terms of transitions
between different body configurations. Bipedal locomotion, for example, is a repeating
sequence of transitions between at least two body configurations; left foot stance and
right foot stance. Orienting behavior, on the other hand, can be described as rotational
transitions along the x and y axes of the trunk, neck and eyes. Learned behaviors, such
as pressing a lever to obtain a food reward, can also be described as a sequence of
transitions between whatever set of body configurations is required to meet a particular
perceptual goal, such as the ‘click’ sound of a lever being depressed.

It has recently been proposed that the basal ganglia are responsible for transition
control (Yin, 20143; Yin, 2014b). According to this model, the basal ganglia function as a

level in a perceptual control hierarchy and are responsible for setting and moving the
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position of lower-level reference signals, such as those specifying velocity of locomotion,
orientation relative to target, or body configuration itself. As previously mentioned, a
perceptual control hierarchy is a form of cascade control hierarchy in which higher
systems continuously specify the reference signals for lower systems as a means of
controlling their own inputs (Powers, 1973). For example, a joint angle control system
may perceive joint angle as the difference between extensor and flexor muscle length,
and control that perception by sending its errors as reference signals of the appropriate
signs to independent muscle length controllers at a lower level in the hierarchy (Figure
23). The lower systems, in turn, generate errors and produce their own corrective
outputs by comparing incoming perceptions to reference signals issued from above. In
this way, higher systems reduce their own errors not by telling lower systems what
outputs to produce, but instead what inputs to sense. When such a hierarchy is working
smoothly, all active systems are able to continuously maintain their perceptual signals
very near to their desired levels. Such an arrangement is similar in many ways to a
military hierarchy, in which commanders issue goals for their subordinates as opposed to

commands for specific patterns of output.

According to this model, the controlled variable of the transition control system
is velocity of a perceptual signal, such as the signal representing the angle of a joint or
orientation relative to a target. Perceptual input for the velocity control system is

generated by taking the derivative of the position perception, and controlled by sending
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velocity errors to an integrator where they are added to generate a changing position

reference signal (Figure 23).

Because it transitions the reference states of a number of lower motor systems,
the transition control system is uniquely positioned to coordinate the outputs required
of ‘voluntary’ goal directed behavior. Another way to state this is that the transition
control system coordinates changes in the reference signals of lower systems as a means
of reducing errors in still higher systems. For example, it is likely that in the current study
one of the higher ‘goals’ or reference states of the animal is to achieve close proximity to
the sucrose solution so that it can be consumed. Such a control system would depend on
an accurate perceptual signal representing target proximity, and continuously generate
an error representing the difference between desired proximity and current proximity.
Assuming that the reference signal for proximity was set to 0, then this system would
generate an error inversely proportional to perceived food proximity. For it to be
reduced, this error would need to be split and converted into a set of velocity reference
signals for the transition control system, describing particular directions and relative
speeds of movement for the set of body parts used to reduce the proximity between the
animal and the target. As the proximity is reduced, the error—and consequently the
velocity reference signal being integrated to specify desired position—shrinks, causing
the movement to slow as it reaches the target. This deceleration with decreasing

proximity to target is a well-documented phenomenon in motor control (Shadmeher and
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Krakauer, 2008). The vast majority of animal behavior can be modeled by this form of
hierarchical perceptual control, from control of simple proximity to food and
temperature gradients to social variables. In all cases, such perceptual variables can only

be controlled through motor transitions of the body.

3.4.4. The basal ganglia and transition control

The high and continuous correlation between SNr activity and head position,
combined with the fact that SNr neurons are known to exert direct control over
downstream motor structures, suggests that the firing rate of these cells functions as
the reference signal for lower-level position and orientation controllers via projections to
the tectum and other brainstem regions such as the PPN (Robinson, 1972; Goodale and
Murison, 1975; Waitzman et al., 1991; Takakusaki et al., 2004), as well as the cortex via
thalamic projections (Alexander and Crutcher, 1990; Alexander et al., 1986). These
structures, in turn, ultimately influence spinal pathways to activate functionally relevant
muscles.

In accordance with our experimental findings, the high tonic baseline firing rate
of these neurons could represent baseline position—neutral posture—and changes
above or below this baseline could represent positions in one or the other direction
from baseline. SNr cells receive direct and indirect inputs from the striatum. It has

recently been shown that activity in these striatal output neurons reflect head
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movement velocity (Kim et al., 2014). These findings are in agreement with the
transition control model of the basal ganglia, and suggest that striatal output signals
represent velocity errors for particular directions of movement, which are integrated by
SNr GABA neurons as a mechanism to specify position--in an integrator, the rate of
change of output is proportional to the magnitude of input. Integrators are common in
analog computing and used in the output function of closed loop control systems to
achieve stability and accuracy in control.

Despite baseline firing rates that range considerably within a particular type of
cell, correlation with x or y-axis head position remains high. As shown in Figure 14, this
can be explained by how a change in firing rate during a given movement is proportional
to the baseline firing rate of each individual cell. Thus, the method by which different
SNr cells can transduce similar striatal outputs into a change proportional to baseline
must be multiplicative or divisive (Silver, 2010). An alternative possibility is that this
proportionality is due in some way to the properties of signal integration, which remains
largely unknown for this class of cells. These neurons are known to have a voltage-gated
persistent sodium current, which contributes to the fast rise of the action potentials,
allowing persistent and high firing rates; they also express type 3 transient receptor
potential channels (TRPC3) that can depolarize the cell at hyperpolarized membrane
potentials (Atherton and Bevan, 2005; Zhou and Lee, 2011). How such intrinsic

properties or recurrent circuit properties contribute to the relevant computations in vivo
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remains to be elucidated. In a control hierarchy, normalization to a common scale is
important for effective communication between levels; errors from higher controllers
must be scaled correctly as a reference signal for lower level controllers or else the
reference signal changes may produce too much or not enough output to reduce the
higher errors. Such normalization becomes even more important as the complexity of
inter-level communication increases, such as when efference or perceptual copies are
combined or sent to distant systems. Utilization of a common percentage scale between

levels is an elegant solution to this problem.

3.4.5. Significance

Our results have implications for understanding the clinical symptoms associated
movement disorders. According to our model, Parkinsonian symptoms like bradykinesia
(slowed movement) and akinesia (inability to move)(Albin et al., 1989; Delong, 1990)
can be explained by a reduction in the rate of change in the firing rate of GABA cells in
BG output nuclei, owing to the failure of dopamine neurons to modulate the velocity-
related signals entering the integrator circuit, which generates changes in the reference
signals for body configuration position control systems. Dopamine depletion, found in
Parkinson’s disease, is predicted to reduce the magnitude of the signal entering the

integrator, thus reducing the rate of change in the output (Yin, 2014b).
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4. Beyond Reward Prediction Errors: the Role of Dopamine in Movement
Kinematics*

4.1. Introduction

The role of dopamine (DA) in behavior has remained controversial despite
decades of research (Cannon and Palmiter, 2003; Cagniard et al., 2006; Jin and Costa,
2010; Leblois et al., 2010; Rossi et al., 2013a). Loss of DA neurons in Parkinson’s disease
is associated with severe motor deficits, suggesting that dopaminergic signaling is
important for movement. Studies have also shown that DA activity is correlated with
initiation and termination of instrumental behaviors, locomotion, and postural control
(Jin and Costa, 2010; Wang and Tsien, 2011a; Fan et al.,, 2012; Barter et al., 2014).
However, other researchers have found no clear relationship between DA activity and
movement (Schultz et al., 1983; Romo and Schultz, 1990) and instead conclude that
phasic DA signaling encodes reward prediction error, the difference between the
expected reward and the actual reward, which can serve as a teaching signal in
reinforcement learning (Schultz et al., 1997; Bayer and Glimcher, 2005; Glimcher, 2011;
Fiorillo, 2013).

One major limitation of all previous work is a lack of detailed and continuous

recording of movement parameters. The experiments performed in this chapter were

! This chapter is a modified version of a previously published article: Barter JW, Li S, Lu D,
Bartholomew RA, Rossi MA, Shoemaker CT, Salas-Meza D, Gaidis E, Yin HH (2015a) Beyond
reward prediction errors: the role of dopamine in movement kinematics. Front Integr Neurosci.
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designed to address this limitation and shed light on the gap in understanding between
the role of DA in controlling movement and in reward processing, by combining video
tracking and wireless in vivo recording of DA activity during a cued reward task. As
described in the chapter 2, these same experimental techniques were previously used
by us to investigate the role of SNr GABA neurons, and by other researchers to
investigate the role of striatal medium spiny projection neurons in the sensorimotor
striatum, in generating free behavior. It was found that the activity of SNr output
neurons reflected horizontal and vertical vector components of position (Barter et al.,
2015a), while the activity of striatal projection neurons correlated with horizontal and
vertical vector components of velocity (Kim et al., 2014). These findings support a new
model of BG function, according to which the nuclei of the BG collectively function as a
transition control system situated in a hierarchy of negative feedback perceptual control
systems (Yin, 2014b). We hypothesized that the role of DA in this system is to perform
gain modulation for the transition controller in the BG (Yin, 2014b); together with
glutamatergic inputs, DA signals can determine the magnitude of the descending signal
from the striatum, and thus the rate of change in BG outputs from the SNr (Kim et al.,
2014; Barter et al., 2015a).

To test this hypothesis, we used a combination of video tracking and wireless in-
vivo neural recording during a cued reward task in mice to investigate the continuous
relationship between DA activity and movement. We found that the phasic activity of

SNc DA neurons reflected distinct vector components of movement velocity and
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acceleration. Using a transgenic mouse line in which channelrhodopsin 2 is expressed
selectively in DA neurons, we also found that photo-stimulation of DA neurons in the

SNc could reliably generate movements.

4.2. Methods

4.2.1. Subjects

Eleven male C57BL6/) mice (25-35g) were used in the electrophysiology
experiments. Seven mice (2 males, and 5 females) were used in the optogenetics
experiments. All procedures were approved by the Duke University Institutional Animal
Care and Use Committee. To make mice perform movements repeatedly, we gave them
limited access to water. After the recording session each day, mice had free access to
water for 1 hour. Each mouse received about 0.5ml to 1ml of 10% sucrose during the
experimental session. When they had free access to water afterwards, they consumed

~2 ml. The health of all mice was monitored daily.

4.2.2. Behavior

We used a simple Pavlovian trace conditioning task to study the phasic DA
responses in relation to rewards (unconditional stimulus, US) and cues predicting
rewards (conditional stimulus, CS). In this task, the mouse stands on an elevated

platform (4x5cm, elevated 40cm) and its movement can be monitored with a camera
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facing it at 30frames/s (Figure 24). An auditory cue predicted the delivery of a sucrose
reward, and the mouse reliably moved following the cue and following the reward. The
experimental apparatus and procedures are the same as what we used in two recent
studies (Kim et al., 2014; Barter et al., 2015a). This design allows us to record from DA
neurons while monitoring movement kinematics, using a small LED light positioned on
the headstage. It also minimizes z-axis movements.

Each trial began with the presentation of a tone (100ms, 21.6dB) followed by the
delivery of 13ul 10% sucrose solution dispensed by a Valvelink 8.2 (AutoMate Scientific)
and delivered through a spout fixed to the platform. The sucrose solution was delivered
~2s after the termination of the tone. Each session contained 50-150 trials, with a
variable inter-trial-interval of 20-50s. Each session lasted approximately 1hr.

For sucrose/air puff sessions, either an ABAB design was used, in which reward
trials and air puff trials were presented in blocks, or an AB design was used, in which
sucrose trials were followed by air puff trials. The same auditory cue was used (duration
=100ms). Air puffs were 200ms in duration and delivered from a computer-controlled

1500 series dispenser (EFD, 12PSl).
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Figure 24. Behavior and video tracking in unrestrained mice. (A) Mice perched on
an elevated platform housed in a tube, wearing a miniaturized 16 channel wireless
headstage (~3.8g). The camera (not shown) is facing the animal. (B) lllustration of

movement trajectory. The mouse starts to move following presentation of the cue (CS),

and moves again following the presentation of the reward (US, 13ul 20% sucrose

solution). Each color illustrates the path on a single trial, showing variability from trial to
trial. (C) lllustration of the Pavlovian trace conditioning task used (Barter et al., 2015).
(D) Cartoon illustration of the movements. Top row illustrates movement toward the

spout; bottom row illustrates movement back to the starting position. (E) Illustration of

movement tracked by the head LED. Pressure pads were placed underneath the animal,
so that changes in pressure exerted by the hind paws can be measured. Pressure pad
measures as well as video tracking of the tail demonstrate that the movements were

not restricted to the head. Position coordinates are mm from frame edge.
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Figure 25. Identification of DA neurons in the substantia nigra. (A) Classification
of a putative DA neuron and a non-DA neuron using principal component analysis (PCA).
(B) Representative waveforms of putative DA neurons. (C) Summary of electrode
placements shown in coronal brain sections take from the Allen Brain Atlas (Lein et al.,
2006). (D) Average firing rate and spike width (FWHM, full width at half maximum) of
putative DA neurons and non-DA neurons. DA neurons are characterized by lower firin
grates and wider spike widths (unpaired t-tests, p<0.0001).

4.2.3. Neural recording and data analysis
Sixteen-channel electrode arrays (Innovative Neurophysiology) were lowered at

the following stereotaxic coordinates in relation to bregma: 2.9-3mm posterior, 1.2mm
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lateral, and 4.6mm below brain surface. Six mice were implanted in left nigra and the
other six were implanted in the right nigra. The arrays consisted of 16 tungsten wires,
35um in diameter and 7mm in length, arranged in a 4 by 4 configuration, attached to an
Omnetics connector. Row spacing was 200um and electrode spacing was 150um.
Electrode arrays were fixed to the skull with dental acrylic. Following the completion of
the experiments, all mice were perfused and their brains sliced with a Vibratome and
examined under a microscope to verify electrode placement.

The behavioral and electrophysiological data were recorded with a Cerebus data
acquisition system (Blackrock) and analyzed with Matlab, Neuroexplorer, and Graphpad
Prism. Single unit activity was recorded with miniaturized wireless headstages (Triangle
BioSystems International), as described previously (Fan et al., 2011). Attached to the
front end are miniature LEDs (2mm, Osram). Single units were selected using online
sorting algorithms and then re-sorted offline (Fan et al., 2011; Rossi et al., 2013a). Only
single-unit activity with a clear separation from noise (at least 5 to 1 compared to the

noise band) was used for data analysis.

4.2.4. Kinematic variables
Position, velocity, and acceleration are vector quantities with both magnitude
and direction. For movement measured with video tracking, this vector has two

components (x and y). X and y head position vectors were differentiated to get x and y-
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velocity, and the second derivative was taken to obtain acceleration. X and y-velocity
and x and y-acceleration were then split into positive and negative components to yield
a total of 8 kinematic variables: up and down velocity and acceleration, left and right
velocity and acceleration.

We then compared the neural activity to the movement kinematics. To assess
the correlation between neural activity between firing rate and movement kinematics,
we analyzed data from the entire session. A complete record of neural activity and the
continuous kinematic variables for each session was analyzed in Matlab with a bin size
of 30ms. The analysis consisted of two steps: first, for each session, cross-correlation
was performed between the firing rate of each neuron and each of the 8 kinematic
variables to determine the shift required for the highest correlation between the two
signals. Second, the neural signal and the kinematic signal were shifted accordingly and
a Pearson correlation was then performed to determine the correlation between the
two signals. Classification of different functional classes of neurons was determined by
the strength of the correlation between the kinematic variable and neural activity

(p<0.05).

4.2.5. Optogenetic stimulation
By crossing Th-cre mice, which express Cre recombinase in tyrosine hydroxylase

positive neurons, with a knockin line (Ai32, ChR2-EYFP) for Cre-dependent expression of
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channelrhodopsin (Madisen et al.,, 2012), we generated Th::Ai32 mice for selective
activation of DA neurons.

Custom-made optic fibers (5mm length below ferrule, 105um core diameter,
1.25mm-0D ceramic zirconia ferrule; Precision Fiber Products) were lowered into the
brain and secured in place with dental acrylic and skull screws (Sparta et al., 2012). Mice
were allowed to recover for 2-3 weeks before testing began.

Photo-stimulation was always bilateral. A custom-made commutator was used to
split a single laser beam into two beams for bilateral stimulation. During stimulation
sessions, mice were connected to a 473nm wavelength laser by two sheathed fibers (62-
um core diameter, connected by ceramic sleeves, Precision Fiber Products). The total
output of the laser was adjusted each day, to obtain ~636 mW/mm? transmittance.

Following completion of experiments, mice were anesthetized with isoflurane
and perfused with ice-cold 4% paraformaldehyde. Brains were post fixed for ~24hours
at £C, cryoprotected in sucrose solution, and then sliced at 60um on a Vibratome. Slices
were incubated with primary chicken anti-GFP (1:1000, AbCam) and TH primary rabbit
anti-TH (1:1000, Millipore) with 10% goat serum and 0.25% Triton X-100 overnight at
4'C. Secondary antibodies (Alexa Fluor 594 goat anti-rabbit and Alexa Fluor 488 Goat
anti-Chicken) were used to visualize TH and GFP, respectively (1:250, Molecular Probes).
Slices were imaged with an Axio Zoom.V16 (Zeiss) microscope and processed using Zen

software (Zeiss).
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4.3. Results

4.3.1. Video tracking

The sucrose spout was located low and offset from the center of the perch
platform, requiring the animal to lower and move its head to one side to obtain sucrose
reward. A typical cued movement is illustrated in Figure 24E: following the cue, the
mouse initiated a movement towards the sucrose spout, adjusting its body so that its
mouth was near to the spout. Once the sucrose solution was delivered, the mouse made
another movement to consume the sucrose before returning to a neutral posture.
Because the mice were not restrained and allowed to move freely within the confines of
the small platform, the movement trajectories varied considerably between animals,
sessions, and even individual trials within the same session. Although we tracked
movements using a single LED placed on the head to track movements, this does not
mean that the mouse only moved its head. As can be seen in Figure 24E, reward-
directed movements involved clear movement of the whole body, as confirmed by
pressure pads placed underneath the mouse, and video tracking of tail movements at

the time of cue or reward.

4.3.2. Classification of DA neurons
We recorded activity of DA neurons in the SNc, the largest DA cell group

targeted by classic studies of phasic DA activity (Ljungberg et al., 1992; Schultz, 1998a).
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As shown in Figure 25, putative DA neurons recorded from the SNc are identified by
their firing rate and waveform properties (Grace and Bunney, 1984; Rossi et al., 20133;
Rossi et al., 2013b). DA neurons have considerably wider spike waveforms and lower
firing rates compared to GABAergic neurons in this area (Figure 25D, unpaired t-tests,
p<0.0001). We recorded from 106 putative DA neurons over a period of 1-6 months

depending on the animal.

4.3.3. Correlation between DA activity and kinematics

We observed phasic activity in DA neurons following the auditory cue and
sucrose reward delivery (Figures 26), similar to what has been observed in previous
studies in monkeys (Schultz et al., 1997) and in mice (Cohen et al., 2012). However, we
also found a strong correlation between these patterns of neural activity and kinematics
(Figures 26-28). As shown in Figures 26-28, the firing rates of individual dopamine
neurons were found to correlate with head velocity and acceleration during a 1s
window surrounding cue and reward. These same correlations were confirmed using a

session-wide correlation analysis.
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Figure 26. “Burst” DA neurons show positive correlation with kinematic
variables. (A) Firing rate of representative neuron showing positive correlation with
vector components of velocity and acceleration. Two major movements are detected
during the trial, one in response to the cue and the other in response to reward delivery.
These are displayed separately. “Velocity up” means velocity in the upward direction.
Blue arrows indicate movement direction, but note that only the vector components are
indicated. Actual movements would consist of both x and y-components. The
correlation analysis uses data displayed in the raster plots below. A 1s peri-event
window (either cue or reward) was used. (B) Peri-event raster plots of the neurons and
the correlated kinematic variables. (C). The major alternative kinematic variables are
shown. These are not highly correlated with neural activity as determined by our
unbiased cross-correlation analysis.
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Figure 27. “Pause” DA neurons is negative correlated with kinematic variables.
(A) Firing rate of representative neuron showing negative correlation with vector
components of velocity and acceleration. Two major movements are detected during
the trial, one in response to the cue and the other in response to reward delivery. These
are displayed separately. (B) Peri-event raster plots of the neurons and the correlated
kinematic variables. (C) The major alternative kinematic variables are shown
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Figure 28. Continuous correlation between neural activity and kinematics.
[llustration of a representative neuron and its correlation with kinematics independent
of task-related events such as cue and reward. To dissociate kinematic variables from

these task events. Rather than selecting only data from the trial, we performed an
unbiased correlation between firing rate and the kinematic variables for the entire
session, including inter-trial-intervals. This unbiased analysis was used to classify the
neurons.

108



Correlations between neural activity and movement kinematics were identified
using an unbiased correlation for the entire session, including inter-trial intervals (Figure
28). In this analysis, the strength of overall correlation does not depend on the high
correlation during the trials; the majority of the data come from inter-trial-intervals (20-
50s per trial) whereas only a minor fraction come from active trial periods (~2s per trial).
The results of this analysis show significant correlations between DA activity and
kinematics. These results were used to classify neurons (Table 1). It is important to note
that different vector components of velocity and acceleration variables are often
necessarily correlated, and thus there are often statistically significant correlations
between DA activity and multiple vector components. In the current analysis the
kinematic variable with the highest absolute value of correlation coefficient was used to
classify neurons. This classification method is in agreement with the observation of
strong correlation between DA firing and movement at the time of cue and reward; a
given neuron shows similar correlation during the trial period (around cue and reward)
and during the inter-trial-interval, during which spontaneous movements were
observed.

Cross-correlation analysis allows us to examine the direction specificity of the
relationship between neural activity and movements. If a neuron is positively correlated
with velocity in a particular direction, it will often show the opposite correlation with
velocity in the opposite direction (Figure 26). Thus, not only do DA neurons show

direction selectivity, there also appears to be a reciprocal inhibition organization, with
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opponent signals generated for different movement directions. This pattern was not
common in neurons that are negatively correlated with movement in a particular

direction.

4.3.4. Appetitive vs. aversive behavioral tasks

Because we used an appetitive behavioral task, it is unclear whether the
observed correlation between neural activity and movement kinematics is in some way
due to the presence of a reward. To address this question, we performed additional
experiments in which sucrose reward was switched with an aversive air puff to the face
during the same recording session. In these experiments, the experimental setup and
trace conditioning procedure remained unchanged except for the switching of sucrose
reward for air puff delivered from the same location (n=3 mice). Behavior in these
experiments around the air puff trials was markedly different from that observed during
sucrose rewarded trials, as can be clearly seen in the movement trajectories. A typical
behavior consisted of moving away from the air puff, both during anticipatory ‘bracing’
movements at the cue and again at the time of air puff delivery. Despite these major
differences in both movement kinematics and behavioral goals, the correlation between
neural activity and kinematics was still robust during these air-puff trials and

comparable to the correlation seen during reward trials (Figure 30).
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4.3.5. Summary of correlation analysis

Based on data from all recording sessions (appetitive as well as
appetitive/aversive), we identified neurons that are correlated with velocity and
acceleration in 4 directions (Table 1). Neurons associated with different directions have
comparable firing rates (one-way ANOVA, F3 47=0.63, p=0.6). Of all recorded neurons, 10
neurons were not significantly correlated with any of the kinematic variables. The firing
rates of most recorded DA neurons (96/106, 91%) were correlated with either
movement acceleration or velocity. Both positive and negative correlations were found,
but the positive correlation is far more common (78% vs. 22% of correlated neurons).

The DA neurons with positive correlation with velocity or acceleration (Figure 26)
are the burst neurons that transiently increase firing at the time of salient events (cue or
reward). This pattern of response has been well documented in previous studies
(Schultz, 1998a). The less common neurons with negative correlations tend to pause at
the time of cue or reward (Figure 27). Both types usually precede the kinematic
variables, but the lag between neural activity and kinematics is much longer in
negatively correlated neurons (Figure 31B, 158+25.7ms, compared with 20.0+10.5ms for

positively correlated neurons, unpaired test, p<0.0001).

4.3.6. Lateralization of the DA response
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The electrode arrays were always implanted unilaterally; 6 mice were implanted
in the left nigra, and in 5 mice in the right nigra. Of movement-correlated neurons, 40
were recorded from the left nigra and 57 from the right nigra. Since many neurons
recorded were correlated with either leftward or rightward movements, we examined
the distribution of these neurons to see if there is any lateralization of leftward and
rightward neurons. As shown in Figure 32, among velocity-correlated neurons, the
majority of DA neurons correlated with rightward movements are found in the left
nigra, whereas the majority of DA neurons correlated with leftward movements are
found in the right nigra (Chi-square=5.99, p=0.01). There was no significant difference

between the two sides for acceleration related neurons (Chi-square=3.6, p=0.06).
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Figure 29. Selectivity of DA responses. To illustrate the direction selectivity of DA
neurons, we compared the session-wide cross-correlation between neural activity and
velocity in opposite directions. Shown are two examples in which the cell is positive
correlated with movement in one direction and negatively correlated with movement in
the opposite direction. This pattern is similar to what we observed previously in SNr
GABAergic output neurons (Barter et al., 2015a).
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4.3.7. Optogenetic stimulation of DA neurons

Although our electrophysiological experiments show strong correlations
between dopamine firing rates and movement kinematics, such results do not tell us
whether DA activity is directly involved in generating these properties of movement. To
investigate the ‘causal’ role of dopamine, we selectively stimulated dopamine neurons
while measuring movement kinematics. To accomplish this we developed a transgenic
mouse line in which channelrhodopsin, which depolarizes neurons upon exposure to
blue light (Boyden et al., 2005), is expressed selectively in DA neurons. This was
accomplished by crossing Th-cre (expressing Cre recombinase in tyrosine hydroxylase
positive neurons) with the Ai32 line, which has a floxed stop cassette at the Rosa26
locus, allowing Cre-inducible ChR2 expression (Madisen et al., 2012). Representative
pattern of ChR2 expression is shown in Figure 33.

We used a blue laser (473nm) to stimulate two groups of mice, one group with
ChR2 expressed in Th-positive neurons (Th::Ai32), and a control group with only Th-Cre
expression but no ChR2. We found that optogenetic stimulation of DA neurons could
induce movements. Although these movements were sometimes very subtle, they could
be clearly detected with our tracking method. It is important to note that because this
stimulation procedure presumably activated multiple functional subtypes of dopamine
neurons simultaneously, its net effect on individual movement vector components
cannot be known. We therefore used distance and speed to quantify the movements as

a way to combine these unknown vector components. Distance is defined as the
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distance travelled between the location of the LED at the onset of stimulation train and
its location at the termination of the train. Speed is defined as the derivative of the
distance.

As shown in Figure 34, we first mimicked the phasic burst of activity by high
frequency stimulation (40Hz, 5 pulses, 3ms pulse width, power ~636mW/mm?). This
stimulation parameter generated movements that are similar to what we observed
during our recording experiments (2 Th-Cre control mice, 8 sessions, 3 Th::Ai32 mice, 14
sessions, 40 stimulation trials per session, variable inter-trial-interval: 6-18 s with a
mean of 12s, unpaired t-test, p=0.025 for peak speed, and p=0.028 for distance).

We then systematically varied stimulation frequency (each train lasted ~1s) and
examined the effects on movement kinematics (3 Th-Cre control mice, 12 sessions, 4
Th:: Ai32 mice, 9 sessions, 8-20 stimulation trials per session, inter-trial-interval=9s). To
analyze the movement kinematics, we used a repeated-measures 2-way ANOVA with
genotype and stimulation frequency as factors. For peak speed during stimulation, we
found a main effect of genotype (Fi35=6.44, p=0.02), no main effect of frequency
(F2,38=0.2, p=0.82), and no interaction between genotype and frequency (F,, 3s= 0.41,
p=0.67). For distance moved, we found a main effect of genotype (F1 33 =6.06, p=0.02),
no main effect of frequency (F,38= 0.90, p=0.41), and no interaction between genotype
and frequency (F,, 35=0.92, p=0.41). These results demonstrate that stimulation of DA
neurons is sufficient to generate movements. The distinct horizontal and vertical

components of the kinematic variables produced by stimulation are shown in Figure 35.
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This example showed that movements induced by photo-stimulation had both x and y-
components, in agreement with our prediction that stimulation should affect multiple

types of DA neurons.

4.3.8. Comparing DA and GABA neurons

SNr GABA output neurons are known to inhibiti DA neurons. Some have argued
that the firing of DA neurons is largely due to disinhibition: bursting is observed during a
pause in GABA output neurons (Tepper and Lee, 2007). This view is supported by our
data. Figure 36 illustrates a putative DA neuron compared with a putative GABA output
neuron recorded from the electrode array. The GABA output reflects the the positive

component of the y-position vector; it increases when the mouse moves upwards.
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Figure 30. Correlation between firing rate and acceleration is similar on appetitive
(sucrose reward) and aversive (air puff) trials. (A) An example of a positively correlated
DA neuron on reward trials. The red line represents average movement trajectory from

the session. (B) The same neuron on air puff trials. Note that the actual trajectories
differed significantly between reward and air puff trials, but the upward components of
velocity are similar, as shown here. (C) An example of a negatively correlated DA neuron

on reward trials. (D) The same neuron on air puff trials
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Figure 31. Population data for DA neurons on rewarded and air puff trials. (A) Different
classes of DA neurons show comparable firing rates. (B) Using cross correlation analysis,
we also found the lag is much longer for negatively correlated neurons, suggesting that,
in these neurons, a pause in firing precedes some movement. (C) The proportion of
positively and negatively correlated neurons is similar for aversive and rewarding
sessions.
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Figure 32. Lateralization of direction-specific neurons. Among velocity-related DA
neurons, there are more rightward neurons in the left nigra, and more leftward neurons
in the right nigra. There was no significant lateralization among acceleration-related
neurons, though the sample size is much smaller

117



Figure 33. Expression of channelrhodopsin 2 in dopamine neurons in Th::Ai32mice. (A)
Locations of bilateral optic fibers based on histological verification of coronal brain
slices. Representative GFP fluorescence, indicating ChR2 expression, is co localized with
TH in the substantia nigra of Th::Ai32transgenic mice. Scale bar is 50um (upper panels).
Lower panels are zoomed in images from the box shown in the upper right panel (scale
bar5um). (B) GFP fluorescence is absent in Th-Cre control mice. Same conventions as A.
(C) Optic fiber placements for Th::Ai32(n=4; blackcircles) or Th-Cre (n=3; yellow circles)
mice. Atlas images are from the Allen Brain Atlas (Lein et al., 2006). Available from:
http://mouse.brain-map.org/.
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Figure 34. Optogenetic stimulation of DA neurons can elicit movements. (A) To mimic
burst firing of DA neurons, we selectively stimulated DA neurons using optogenetics. We
generated a transgenic mouse line (Th-CrexAi32) to selectively express ChR2 in DA
(tyrosine hydroxylase-positive) neurons. A brief stimulation at 40Hz (3ms pulse width,5
pulses) generated movement, in the ChR2 (Th::Ai32) mouse but not in a control mouse
(Th-Cre) that also received the same light stimulation. Control mice were implanted with
fibers and stimulated using identical procedures. Red trace represents movement
trajectory. (B) Peak speed and distance forChR2 (Th::Ai32) and control (Th-Cre)
mice.*p<0.05. (C) Left, movement kinematics plotted for different stimulation
frequencies(11, 15, and 25Hz,3ms pulse width, 1 s duration. (D) Peak speed during
stimulation train and distance traveled (at the end of the train) at different stimulation
frequencies.*p<0.05
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Figure 35. Detailed movement kinematics during optogenetic stimulation. (A)
Representative horizontal (x) and vertical (y) components of the movements in a control
mouse (Th-Cre). Position, velocity, and acceleration are plotted separately. Red traces
show movement trajectories produced by the stimulation. (B) Representative data from
a Th::Ai32 mouse.

4.4, Discussion

4.4.1. Summary

In the current study we employed a Pavlovian trace conditioning task in parallel
with motion tracking to investigate the phasic responses of dopamine neurons to cue
presentation and reward delivery in relation to movments. Our results show similar

patterns to those previously reported in monkeys (Schultz, 1998b), rats (Roesch et al.,
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2007) and mice (Cohen et al., 2012). In these studies, the patterns of neural activity
were interpreted within the framework of the reward prediction error hypothesis
(Schultz et al., 1997). In the current study, such an interpretation of neural data in
relation to task events is also possible. However, a careful analysis of motion tracking
data revealed for the first time a continuous relationship between neural activity and
motor output which is at odds with the reward prediction error hypothesis, and implies
the possibility of a much simpler interpretation of the role of dopamine in behavior.

The use here of continuous video-based motion tracking allowed us to precisely
quantify the behavior of animals. This technique is a key difference seperating the
current study from previous work, which has historically interpreted neural data in
relation to experimenter-defined task events rather than in relation to continuous
behavior. As shown in Figure 24, at the time of cue presentation the animal initiates a
movement to bring its head closer to the reward spout, and then at the time of reward
delivery the animal initiates consumption behavior. When quantified these two
movements register as changes in head velocity and acceleration vector components
occuring at the time of cue and reward delivery. The phasic responses of DA neurons
were highly correlated with these velocity and acceleration components of movement.
Thus, even though DA neurons do exhibit typical phasic responses to cue and reward
presentation, these responses may be entirely explained by their relationship to task-

elicited movements.
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The correlations found between DA firing and movement kinematics were not
restricted only to changes occurring around cue and reward but existed during the
entire experimental session, including inter-trial interval (Figure 28). DA neurons
correlating with different vector components of movement were identified using an
unbiased session-wide correlation analysis between firing rate and all candidate
variables. As shown in Figures 30, these correlations were also idependent of the
presence of reward; similar high correlations were found in the same neuron between
trials in which an aversive airpuff followed the cue and trials in the same session in
which the cue predicted a sucrose reward. DA neurons thus represent movement
kinematics independently of whether the movement is directed to approach a reward
or to avoid an unpleasent stimulus. To investigate the ‘causal’ role of DA neurons in
movement, we mimicked phasic DA activity through optogenetic stimulation of
dopamine neurons. Using brief pulse-trains of stimulation at physiological frequencies
(Pan et al., 2013; Rossi et al., 2013b), we were able to elicit similar movements to those
seen in response to task events during recording sessions (Figure 34).

The correlation between firing rate of dopamine neurons and specific vector
components of velocity and acceleration reported here has also been observed in
striatal neurons (Kim et al., 2014). Combined, these results suggest that nigrostriatal
projections may be organized into a number of distinct vector-component controllers, in
which DA neurons project to striatal neurons controlling the same direction of

movement. For example, DA neurons that fire during leftward movement are
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hypothesized to project to striatal neurons that fire during leftwards movements. Given
that unilateral stimulation of striatum or application of DA agonists after depletion-
induced receptor supersensitivity can produce contraversive turning or circling behavior
(Ferrier, 1876; Hefti et al., 1980), we expect that striatal-DA modules are asymmetrically
distributed across the two sides of the brain. This prediction is supported by our results,
which show that the left nigra contains more rightward neurons and the right nigra

contains more leftward neurons (Figure 32).

TABLE 1 | Summary of different types of DA neurons.

Velocity Acceleration Total
Up 18 9 31
Down 19 13 28
Left 13 4 18
Right 16 5 20
Total 66 31 97

123


file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_20
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_28

p=93x107

0.005+

Spikes/s
w A
Spikes/s

N
r
o
N

L O N
Correlation

Spikesis
w B o
o o o
@
>
o]
>
Spikes/s
o - N
=)
>

-4 -2 0 2 -4 2 0 2
Time from reward (s) 4
~
»
v
dGABA 2
dt -
-4 -2 0 2
Time from reward (s)

B GABA DA

©n - ©n 5
& 30 o6 2
2 25 i H
520 52 3
2% -2 0 2 -
6
w
@ 30 GABA @ 4 Time (ms)
£ X
= 5
24
? 20 @
t 0
-4 -2 0 2 -4
Time from reward (s) 2
o
20
=
dGABA & )
dt

4 2 0 2

Time from reward (s)

Figure 36. Comparison of putative nigral GABA and DA neurons from the same
electrode array. (A) The activity of the GABA neuron reflects y-position coordinates, an
example of representation of instantaneous position coordinates reported in our recent
study (Barter et al., 2015). The activity of DA neuron reflects velocity in the upward
direction. If we take the derivative of the GABA output, we can generate a mirror image
of the DA activity. This result, then, is in support of disinhibition: the reduction in GABA
output is accompanied by an increase in DA firing. Note that these projections are
mostly collaterals of fibers terminating in other areas such as the tectum and thalamus.
Cross-correlogram shows the relationship between DA firing and the derivative of the
GABA output from the entire session. (B) Another example illustrating the relationship
between DA and GABA neurons from a different mouse
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4.4.2. Caveats

The results of this study suggest that DA plays a direct role in generating
movement kinematics, rather than encoding reward prediction error, and support the
hypothesis that nigrostriatal DA modulates the gain of a closed loop movement velocity
controller. They have important implications for our understanding of BG function. But
before discussing these implications, a few caveats must be mentioned.

First, we only recorded the activity of DA neurons in the SNc, which contains the
largest group of DA neurons forming the nigrostriatal pathway, which mainly targets the
dorsal striatum. We did not record from the ventral tegmental area (VTA), which gives
rise to the mesolimbic pathway projecting to ventral striatum, prefrontal cortex, and
other limbic regions. It is possible that VTA DA neurons have different properties in
responding to rewards. However, it should be pointed out that SNc and VTA neurons are
known to have similar patterns of phasic activity in response to task events (Schultz,
1998a). The activity of VTA neurons has also been shown to correlate highly with
movement (Puryear et al., 2010; Wang and Tsien, 2011b; Wang et al., 2013). Thus, the
role of VTA DA in reward processing and kinematic control remains an open question.

A second caveat is the possibility that the Cre driver line used for generating the
Th::Ai32 mice may express Cre recombinase in some non-DA neurons as well (Lammel et
al., 2015). Although the main evidence showing Cre expression in non-DA neurons
comes from the VTA rather than the SNc, we cannot rule out the possibility that photo-

stimulation activated a small number of non-DA neurons as well. Although our
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histological analysis showed that ChR2 expression is confined to tyrosine hydroxylase
positive neurons, cell counts using confocaimages would be required to confirm this
conclusion.

A recent study reported the existence of a subset of optogenetically identified
SNr GABAergic neurons exhibiting short latency burst responses to salient cues during a
trace conditioning task (Pan et al., 2013), thus raising the possibility that the putative DA
neurons reported here just a subset of GABA neurons with phasic responses. In the
absence of cell type identification in each recorded neuron, we cannot rule out this
possibility. However, it is unlikely that the putative dopamine neurons reported here are
GABAergic for several reasons. First, we identified DA neurons based on waveform and
firing rate (Figure 25). The low average firing rates of putative DA neurons (~ 5 Hz) in our
study are comparable to those of identified DA neurons reported in Pan et al. The high
tonic firing rates of GABA neurons in their study are also comparable to what we
observed, indicating similar cell type classification criteria. In support of this claim,
similar short latency phasic responses in SNr GABA neurons have been reported in
recent studies employing the same cell-identification criteria as used here (Fan et al.,

2012; Rossi et al., 2013a).
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4.4.3. Reward prediction error

Previous work has found phasic firing of DA neurons after reward delivery early
in training, and after presentation of reward-predicting cues later in training (Schultz,
1998a). This finding has been taken as evidence in support of influential models of
learning that use prediction errors as teaching signals in learning (Rescorla and Wagner,
1972; Sutton and Barto, 1981; Schultz et al., 1997; Schultz, 1998a; Fiorillo, 2013).
Although it is beyond the scope of the current discussion to address the technical
limitations of these models, the findings presented here provide clear evidence against
the role of dopamine in reward prediction.

Previous studies rarely quantified movements even though reward-related task
variables were not dissociated from movement. Most studies also recorded from
restrained animals, so even if the animals attempted to move by generating the
requisite neural signal they were prevented from actually doing so (Bayer and Glimcher,
2005). But inability to move does not mean that the neural signals involved in the
control of movement properties are absent. Thus, in all previous studies of the role of
dopamine signaling in reward processing, movement is an important confound.

Our results suggest that shifts in DA responses to task events over time could
reflect changes in movement properties over time. For example, a naive mouse will run
to obtain a reward only at the sight of a reward but not at the sound of a reward-
predicting tone. A well-trained mouse, on the other hand, may begin reward-directed

movement at the sound of the tone. Our results also suggest a way to reconcile the role

127


file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_68
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_68
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_60
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_60
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_73
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_71
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_68
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_21
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_5
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_5

of dopamine in responding to both rewards, and ‘salient’ stimuli; they all elicit
movement. None of the experimental manipulations (reward size, probability, violations
of reward prediction) used in traditional studies are free of this movement confound,
since in all of these cases the manipulation could result in subtle changes in movement
which would be impossible to detect without motion tracking. However, in order to
directly test these hypotheses would require that we employ an identical experimental
apparatus to those used in the original studies, with the addition of motion tracking.
None of the following findings can be accounted for by the RPE hypothesis: the
selectivity of DA neurons for different directions of motion (Figure 26-27), the linear
relationship between DA activity and kinematic variables independent of reward
(Figures 28, 30), the high correlation between DA activity and movement on appetitive
and aversive trials (Figure 30), the lateralization of leftward and rightward selective
neurons on the two sides of the brain (Figure 32), or the observation that DA activity
reflects the mathematical derivative of the GABAergic SNr output (Figure 36). Nor can it
explain previous observations on locomotion (Wang et al., 2013), posture control (Wang
and Tsien, 2011a; Barter et al., 2014), motivational modulation (Rossi et al., 2013a), or
instrumental behaviors (Jin and Costa, 2010; Fan et al., 2012). Yet, all these results can

be explained by the crucial role of DA in shaping movement kinematics.
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4.4.4. Nigrostriatal DA and direction specificity

The correlation reported here between DA activity and velocity components of
movement is similar to what has been reported in striatal neurons (Kim et al., 2014).
Given that the striatum is a major target for DA neurons, and that stimulation of DA
neurons or their targets in the striatum can elicit movement (Kravitz et al., 2010), this is
unsurprising.

The directional specificity observed in both DA and striatal neurons suggests a
scenario in which DA neurons whose activity correlates with a particular direction of
movement project to striatal neurons whose activity correlates with the same direction
of movement. For example, DA neurons that fire during leftward movements are
hypothesized to project to striatal cells that also fire during leftward movements. Given
that unilateral dopamine depletion is well known to elicit contraversive turning in mice
(Hefti et al., 1980), we predict a scenario in which DA neurons controlling leftward
movements are located on the right ride of the brain and vice versa. This prediction is
supported by our results which show that the left nigra contains more right-movement
correlating dopamine neurons and the right nigra contains more left-movement
dopamine neurons.

Unlike traditional accounts of movement which assume that movement direction
is encoded by a population vector of differently tuned cortical neurons (Georgopoulos
et al., 1986), the current data support a model in which tuning properties of different

neurons reflect membership to different position controllers for a particular axis of

129



orientation or joint angle. By combining the outputs of these controllers, position along
multiple dimensions can be controlled in parallel. This hypothesis is supported by
previous work suggesting distinct controllers in the brainstem for horizontal and vertical

movements (Masino, 1992).

4.4.5. Transition control

The role of dopamine in scaling aspects of behavior is well known by a number of
different terms. For example, DA is thought to reduce sensorimotor threshold (White,
1986), or increase “response vigor” (Niv et al., 2007), or bias action selection (McClure
et al., 2003; Roesch et al., 2007). However, these accounts are purely descriptive, and
offer no explanation of the underlying functions actually responsible for generating
behavior, or the specific role of dopamine in modulating these functions.

The present findings support a model of the BG as a transition control system
(Yin, 2014b) in which DA acts as the output gain or ‘throttle’. According to this model,
the basal ganglia constitute a level in a perceptual control hierarchy, and as such are
thought to receive reference signals from higher systems, and to correct their own
errors by sending reference signals to lower systems capable of reducing them. The key
variable being controlled by the basal ganglia in this model is the velocity of various
types of perceptual signals. According to this model, there are different classes of

neurons in the basal ganglia actively controlling different vector components of body
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movement. Neurons that fire preferentially when the animal moves a body part in a
particular direction send descending reference signals to position controllers utilizing
the same body part located in the midbrain, diencephalon and cortex, which in turn
command muscle length and joint angle controllers in the reticulospinal pathway (Yin,
2014b). This model also predicts that a similar process occurs for adjusting the reference
signals of various self-contained motor programs such as locomotor rhythm control by
the MLR, so that the BG control the desired speed of locomotion, for example, in the
same way that they control the desired position of a body part. However because the
present data describe only correlations with body geometry, we will focus our
discussion on body configuration transition control as a prototype for all forms of
transition control.

The body configuration of an animal can be described as a set of joint angles.
These angles can be perceived as the difference in muscle length between extensors
and flexors at a joint, and controlled by continuously sending reciprocal muscle length
reference signals of opposite signs to those muscles. Joints can also be combined
through a similar process into unified multi-joint configurations such as ‘extend/retract’
or ‘sway’, and controlled as such. Such systems are position control systems, since the
reference signal specifies a desired position and not a desired movement or torque;
speed is determined by the loop gain of the system and cannot be regulated. To actively
regulate movement speed between different body configurations, velocity itself must

be a controlled variable; perceived as the derivative of the position of a particular
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configuration variable and controlled by adjusting the reference signal of the position

controller for the same variable.
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Figure 37. Proposed model for DA modulation of striatal outputs . (A) SNr neurons
receive projections from the striatum and external globus pallidus, via the direct (D,
striatonigral) and indirect (I, striatopallidal) pathways. The net effect on the SNr could be
either inhibitory (minus sign) or excitatory (disinhibitory, plus sign). Both types of signals
represent velocity error signals from the velocity controller. The dorsal striatum is
hypothesized to contain at least four different modules, each responsible for movement
in a specific direction. Striatal neurons can signal velocity error signals (Kim et al.,2014),
which is integrated by the SNr and converted into position reference signal to position
controllers in the midbrain and diencephalon (Barter et al.,2015). Using the outputs
from the different modules, this circuit can perform vector addition to generate the
actual movement vector. The magnitude of the signal entering the integrator is
proportional to the rate of change in the integrator output. (B) Illustration of activity in
the BG circuit, using a square pulse to represent a transient burst of action potentials
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with constant firing rate from striatal projection neurons. Dotted lines indicate altered
firing rates as a result of DA modulation. DA is known to exert opposite effects on
striatonigral neurons and striatopallidal neurons. Striatonigral neurons, which express
D1 receptors, are increased by D1 activation, whereas striatopallidal neurons are
inhibited by D2 activation (Gerfen and Surmeier, 2011).Moreover, activation of D1
receptors can also potentiate GABA release at the striatonigral terminals (Chuhma et al.,
2011), whereas activation of D2receptors can reduce GABA release at the pallidonigral
terminals (Connellyet al., 2010; de Jesus Aceves et al., 2011). The net effect is consistent
for the targets of SNr output. DA modulation has the net effect of potentiating the firing
rate in a given position vector component, and further suppressing the antagonistic
component. By increasing the rate of change in the position reference, the actual
movement velocity is increased. As shown, both movement amplitude and speed are
altered, but these variables can be independently controlled.
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Figure 38. Model of cascade control hierarchy for velocity and position control of a
single joint angle. The velocity control system is hierarchically higher than the position
control system. There are multiple position controllers, including thosefor orientation
and body configuration, which can command hierarchically lower controllers for joint

angle, muscle length, and muscle tension (not shown here). The lowest level is the

tension or force controller, with alpha motor neurons acting as the comparator and
muscles as the output function (Yin,2014a).
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As discussed in the previous chapter, evidence suggests that body configuration
and orientation are variables controlled at the level of the midbrain, brainstem and
motor cortex, and that reference signals representing the desired states of these
systems are issued from SNr neurons (Barter et al., 2015a). These SNr neurons, in turn,
are believed to integrate inputs from striatal neurons representing the velocity of
movement of the same controllers (Kim et al., 2014). Although direct evidence has so far
only implicated this process in controlling head position along the frontal plane, striatal
neurons are known to show diverse body part representation (Carelli and West, 1991;
Alexander et al., 1986), suggesting that position control occurs in parallel for all of the
controllers involved in voluntary movement, with each controller having a dedicated set
of neurons in the striatum, SNr and brainstem or motor cortex. It is proposed here that
striatal neurons convert a hierarchically higher error signal into a set of signals
specifying movement directions and relative speeds for the set of body configuration
variables required to reduce that error. These signals are thought to be represented by
striatal firing rate in different configuration control modules, and the magnitude of
these signals is thought to be determined by DA, which acts as the output gain of this
system. These striatal signals are sent to the SNr where they are integrated. By
integrating these signals, the firing rate of SNr neurons, and thus desired position, can
change. In this way, striatal neurons control the movement of a body part through SNr

neurons, which themselves control the position of the same body part.
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The exact function of DA neurons as gain control in this process is still not fully
clear. One possibility is that DA neurons actively control signal velocity by comparing the
velocity of GABA cell firing to a reference velocity specified from elsewhere in the brain,
and sending the velocity error to the striatum in the form of output gain adjustment. In
this way, if the GABA signals—and thus body configuration--are changing too fast, DA
neurons will turn down the gain, and if they are changing too slowly DA neurons will
turn up the gain. An alternate possibility is that DA neurons act as a part of a more
complex open-loop adaptive control mechanism. In either case, it should be pointed out
that outputs from the BG can vary continuously in the absence of a changing reference

signal as a neutral posture is defended against environmental disturbances.

4.4.6. Above transition control

According to the model presented here, the comparator for the transition
controller resides in the striatum. Thus, each striatal module for controlling the
movement of a particular configuration variable must receive perceptual inputs
representing that quantity, as well as a reference signal from a hierarchically higher
control system. These signals are likely to arrive at the striatium from thalamic and
cortical projections. This arrangement allows for the velocity controller to be used as a

common output function for controlling any number of higher perceptual variables,
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such as proximity to a target. Control of such higher-level perceptual variables is often
termed ‘goal directed’ or ‘voluntary’ behavior.

For example, the mice in the current task must reduce proximity between mouth
and sucrose spout to zero, given any starting head position. In this scenario, head
movement is hypothesized to be guided by at least 3 target position controllers; one
perceiving and controlling each of the three dimensions of target position in Cartesian
XYZ coordinate space. For each of these three control systems, the input is a single value
representing the position of the spout along a spatial dimension and the output, which
represents current error, is converted into a set of velocity command signals for
configuration controllers capable of reducing that error. For example, control of x-axis
position relative to the target is likely to involve reference velocity commands to ‘left-
right bend’ spine configuration controllers, while control of z-axis position is likely to
involve velocity commands to ‘extend-retract’ spine position controllers. According to
this model, as the proximity error is reduced the velocity reference signals will also be
proportionately reduced, resulting in a deceleration as the mouth approaches the spout.
The same basic principles are expected to apply in any proximity control task, such as

locomotor pursuit or arm reaching.
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4.4.7. Control of input

To understand the hierarchical control model presented here, it is important to
point out the fundamental difference between this model and traditional models that
purport to use closed loop control (Todorov and Jordan, 2002). Attempts to apply
control theory in neuroscience have largely been hampered by a key misunderstanding
introduced by engineering terminology. In the engineering tradition, controllers are
typically said to control their outputs, because the output value can match the desired
value (from the perspective of the engineer). The controller is thus described as an
input/output device: error in, behavior out.

Thus according to the traditional view, feedback control is the process of
computing the commands (or “control signals”) required to produce a particular
position given a particular error. Such systems are known as servos. But the prescribed
reference value in any living organism does not come from outside of the organism, as
with a user adjusting the temperature setting of a thermostat, but from within (Powers
et al., 1960). Consequently, in living control systems, the reference signal is never an
input command from the environment. The true input always comes from perceptual
representations, the desired values of which are dictated by reference signals within the
organism. The key operation, then, is the control of sensory inputs through variation in
motor outputs. Whenever feedback control is viewed as the control of output, the
control loop cannot be analyzed correctly, because the inside and outside of the system

are reversed. In the model described here, only perceptual inputs are controlled;

137


file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_77
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_57
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_57

outputs vary as needed to control input at a desired level. Command signals in a control

system are not sensory or motor; they are the result of a comparison between the two.

4.4.8. DA and adaptive gain control

As mentioned above, we hypothesize that the sensorimotor striatum is
organized into topographically mapped modules, each dedicated to controlling a specific
velocity vector component of a specific configuration controller (i.e. left/right bending
of the spine). DA is hypothesized to serve as the output gain in these velocity
controllers. As a neuromodulator, DA does not directly cause firing of target neurons,
but alters the responsiveness of these neurons to inputs (Gerfen and Surmeier, 2011).
Thus DA can determine the magnitude of the velocity command signal, and
consequently the rate of change in body configurations. The lack of DA is therefore
expected to reduce movement speed. Indeed, slowness of movement or bradykinesia is
a major symptom of Parkinson’s disease, due to degeneration of DA neurons.

DA can have different effects on striatonigral (D1-expressing) and striatopallidal
(D2-expressing) neurons giving rise to the direct and indirect pathways, respectively, but
the ultimate effect is to proportionally modulate opponent output signals for
downstream controllers (Figure 37). The organization of direct and indirect pathways
implements a phase splitter that takes a common input to the striatum and generates

antiphase output signals for commanding antagonistic controllers. For example, to move
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a configuration in one direction may depend on signaling from the direct pathway while
moving it in the opposite direction may depend on signaling from the indirect pathway.
If this antiphase organization did not exist then configurations could only move quickly
in one direction from neutral, because to move in the other direction would depend
entirely on integrator leak. The facilitating properties of the striatonigral synapse
suggests that nigral integration of the inhibitory input is possible, whereas the
depressing property of the pallidonigral synapse means that integration of the
excitatory (disinhibitory) input is also possible (Connelly et al., 2010; Zhou and Lee,
2011). This ‘antiphase integrator’ hypothesis is supported by findings that neurons from
both pathways are simultaneously activated during behavior (Cui et al., 2013; Isomura
et al.,, 2013), and by the observed opponent BG outputs from the SNr projection

neurons (Fan et al., 2012; Rossi et al., 2013a; Barter et al., 2014; Barter et al., 2015a).

4.4.9. Relationship between BG output and DA activity

A major source of input to SNr DA neurons is neighboring SNr GABA neurons,
which inhibit DA neurons directly. These inhibitory projections come from collaterals of
the GABAergic fibers which presumably synapse on other targets such as the tectum
and thalamus (Tepper and Lee, 2007). SNc DA neurons can fire tonically at a low rate by
calcium entry through voltage-gated calcium channels. Burst firing in DA neurons, on

the other hand, appears to require NMDA currents produced by glutamatergic inputs.
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However, due to tonic GABAergic inhibition from SNr outputs, reduced GABA release
can also generate burst firing (Kang and Kitai, 1993; Tepper et al., 1995; Paladini et al.,
1999). Local blockade of nigral GABA-A receptors causes bursting in DA neurons, which
suggests tonic activation of GABA-A receptors on DA neurons. Thus disinhibition is a
major contributor to burst firing in DA neurons recorded here. On the other hand,
excitatory inputs from other sources, such as the tectum and pedunculopontine
nucleus, can also drive DA neurons, but their effects can be reduced by the inhibitory
nigral output. Bursting is prevented by GABA-A inhibition even in the presence of
glutamatergic inputs (Tepper and Lee, 2007; Paladini and Roeper, 2014).

Whereas activity in most DA neurons is correlated with velocity or acceleration,
activity in GABA neurons is correlated with instantaneous position (Barter et al., 2015a).
This pattern suggests that the DA neurons could take the derivative of GABA outputs
from the BG. Our results support this hypothesis (Figure 36), showing simultaneously
recorded GABA and DA neurons in which the derivative of the GABA output is
subtracted from the output of the DA neurons. Although these results are preliminary,
they suggest a scenario in which there are paired sets of GABA and DA neurons that are
part of the same controller modules. In this way, a derivative of BG output can be fed
back into the striatum as the velocity control output gain. The functional significance of
this feature is in dynamically adjusting the sensitivity of the control loop to facilitate fast
movements when the reference signal is changing quickly and stable movements when

the reference signal is changing slowly. If the gain of velocity control were fixed then

140


file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_34
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_75
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_54
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_54
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_76
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_53
file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_4

there would exist a constant tradeoff between speed and stability in movement. The
lack of such gain control may explain common symptoms in movement disorders such
as Parkinson’s disease, which is characterized by tremor and neural oscillations as a
result of DA depletion (Brown, 2006; Costa et al., 2006).

As mentioned earlier, an alternative possibility is that DA signaling constitutes
the error signal in a signal-velocity control system. According to this perspective, DA
neurons monitor the derivative of GABA cell firing and thus the velocity of position
reference signals, continuously comparing the perceived velocity against a reference
velocity signal coming from elsewhere in the brain. If GABA signals change faster than
the velocity reference signal, then DA firing will go down and thus turn down the gain of
striatal output responsible for GABA signal change; if GABA signals change too slowly,
then DA firing will go up and thus turn up the gain of the same striatal outputs. In this
scheme, DA activity would also closely mirror the derivative of GABA cells. According to
this model, DA output controls signal velocity by turning up or down the gain of striatal
neurons--like turning the knob on a faucet to achieve desired flow. Although such signal-
velocity control by DA could occur in parallel with perceptual velocity control in the
striatum, it could also conceivably replace perceptual velocity control altogether since
signal-velocity of GABA neurons should closely mirror actual movement velocity. In this
scenario, the striatum does not need to perform a velocity comparison but must only
convert a higher error signal into a set of 'direction’ signals which are integrated in the

SNr. Thus the exact organization of the velocity control system, whether it be signal-
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velocity control, perceptual-velocity control or a combination of the two, remains an
open question.

Regardless whether it constitutes a closed loop signal-velocity controller or
occurs in parallel with perceptual velocity control, the ability of DA to modulate velocity
independently of the higher error signals is an important one, especially in the context
of sequenced behaviors. In a sequence, when a new step in a sequence is initiated, the
initial error going to be large and then shrink as the animal approaches the goal of that
step. If this error is translated directly into velocity command signals, then this pattern
will result in very fast movements towards the beginning of a step and very slow
movements towards the end of a step. However, if DA is able to modulate the velocity
of GABA outputs, then the speed of behavior should be relatively constant as DA turns
up and down the gain as needed to hold GABA velocity constant and drive reasonably
paced movements despite large changes in the intensity of cortical inputs. This
hypothesized function may explain the ‘start/stop’ activity of dopamine neurons during
a sequence task (Jin and Costa, 2010), and the ‘ramping’ activity in dopamine neurons

which has been reported as animals near a target (Howe et al., 2013).

4.4.10. Clinical implications
According to our model, because DA adjusts the gain of the transition controller,

it affects the rate of change of perceptual variables. This feature could explain the role

142



of DA in certain movement disorders including Parkinson’s disease and Tourette
syndrome which are characterized by low and high concentrations of DA, respectively.
The model supported by the current findings also provides a rough computational
explanation of hypokinetic and hyperkinetic movement disorders, according to which
hypokinetic disorders can be caused by decreased DA activity or decreased striatal
output, and hyperkinetic disorders can be caused by the opposite changes.

As already mentioned, we propose that a reduction in DA simply reduces the
magnitude of striatal output, in spikes/s. Because there is hypothesized to be a neural
integrator in the SNr receiving these outputs, then a reduced magnitude of striatal
outputs results in reduced rate of change in SNr output, and thus a reduced rate of
change in body configurations and motor functions. If the integrator in the SNr is leaky
and always slowly returning to neutral at a constant rate, then if the total number of
spikes entering the integrator is reduced, the overall signal-range will also be reduced—
resulting in a reduced range of motion. The reduction in both range and speed of
movements in Parkinson’s disease is well known. Indeed, it was this observation that led
to the proposal that BG output firing rate could encode both variables (DeLong, 1990).

The choreoform movements observed in Huntington’s, caused by widespread
damage to striatal neurons (Reiner et al., 1988), may also be accounted for by the same
model. According to this account, striatal neurons are largely responsible for converting
a hierarchically higher error signal, such as proximity error between mouth and sucrose

spout, into a precise set of lower velocity or ‘direction’ reference signals which are

143


file:///C:/Users/Joe/Downloads/RPE%20frontiers%20v2.docx%23_ENREF_17

integrated at the SNr to move the body in a way that reduces the error. This process can
be likened in some ways to a prism splitting a single beam of light (proximity error) into
an array of component beams (movement directions). However, if striatal cells are
damaged in a non-uniform way then, like a broken prism, the conversion between
proximity error and movement directions will be fractured, and the movements and
their relative speeds produced to accomplish a desired proximity will be irregular and
likely occur at different speeds ranging from slow to extremely fast. As with any control
system with a faulty output function, the outputs are expected to oscillate rapidly
around neutral as the higher system works through a faulty output to defend its
reference settings; a pattern of output that can be clearly observed in HD patients (Albin

et al., 1989).

4.4.11. Implications for motor control

In previous studies attempting to relate neural activity with movement
kinematics, the observed correlation between kinematic variables and single unit
activity is typically very low (Paninski et al., 2004). When movement-related signals are
used to move some external device, as in brain-machine-interface applications,
extensive transformation of the neural data is needed (Hochberg et al., 2006). It is
necessary to design a “decoder” to get the signal needed to drive the effector (Taylor et

al., 2002). By contrast, here we have shown a strong linear relationship between neural
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activity and kinematics. However this is not due to any coding of movement to be used
by a decoder; rather the signals recorded are the actual signals used in neural circuits

that generate the movements.

4.4.12. Rewards and other goals

As previously outlined, control of body velocity is driven by a still higher level of
control. For example, an animal may alter body velocity to reach for a target, or to
center a target in visual space. Perception of such hierarchically higher variables is likely
performed in cortical circuits, which are well known to compute such abstract
perceptual representations and thus a large pool of potential controlled variables. Many
reference signals at the higher levels are acquired perceptual representations, i.e.
memories (Mountcastle et al., 1975). By comparing such representations--also
traditionally called goals--against incoming perceptions, cortical circuits may calculate
the errors required to drive the appropriate goal-seeking movements through basal
ganglia circuits. The transition controller can thus be viewed as the final common path
for behaviors that are traditionally called ‘voluntary’. Such behaviors originate from
error signals in controllers above the level of transition control. These error signals can
become the reference signals for the central movement controller in the BG. This

arrangement allows the velocity controller to be commanded by any number of
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systems. A particular action can be performed for any number of purposes, e.g. turning
left to reach a reward or to avoid an air puff (Kim et al., 2014).

The term ‘reward’ may thus be more clearly defined as the control of such higher
variables; if your goal is to reach for a cup then you might call it ‘rewarding’ to succeed,
or if you are hungry they you might call it ‘rewarding’ to eat. In both of these examples
it would said that the degree of ‘reward’ experienced is proportionate to how badly the
goal is desired, and in proportion to the capacity of an event or object to meet that
need. For example, a very hungry animal would be said to find one pellet of food more
rewarding than a sated animal, and to find two pellets more rewarding still (Keramati
and Gutkin, 2011). Another way to state this is that ‘reward’ is simply a way of
describing error reduction in a control system; a hungry animal is by definition
experiencing a higher error than a full animal, and pellets are ‘valued’ in proportion to
their capacity to reduce that error.

Thus, according to our model, what is often called “reward expectancy” can be
viewed as an error signal in a higher-order controller (Yin, 2014a). Because this error is
transformed into a transition command signal, then it is proportional to output
movement velocity of the animal as long as such velocity is physically possible. In food
deprived animals, an increase in the size of the expected reward is known to be
associated with faster movements (Hikosaka, 2007). Of course, such a mechanism is not
restricted to pursuit of food, but would equally apply to retreat from danger. This

correlation between output velocity and value manipulations may thus account for
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experimental findings regarding ‘value coding’ in dopamine neurons and other BG nuclei
(Sato and Hikosaka, 2002; Atallah et al., 2014; Cohen et al., 2012; Mcclure et al., 2003;
Roesch et al., 2007; Schultz et al., 1997; Schultz, 2015).

The control of movement velocity is just one type of transition control. The input
nucleus of the BG, the striatum, receives inputs from multiple cortical regions, and there
are multiple parallel cortico-BG-thalamic loop networks (Alexander et al., 1986). These
thalamic loops are topographically organized, with the sensorimotor striatum receiving
inputs from primary motor and somatosensory cortices. According to our model, this
sensorimotor network contains the transition controller for movement, while the other
networks would constitute different transition controllers with different controlled
variables based on their sensory representations. The controlled variables for the
associative and limbic networks are not well defined, but they are presumably related to
exteroceptive and interoceptive inputs, respectively (Yin, 2014b). The rate of change in
these perceptual transitions can also be controlled in much the same way, though using
a different set of effectors. Indeed, for orofacial consummatory behaviors, DA has been
implicated in the control of reward rate (Rossi and Yin, 2015).

It is also important to note that certain perceptual transitions, such as pellet
delivery in an FR operant task, cannot be controlled through a single motor transition
but must instead be controlled through a sequence of other perceptual transitions,
which are themselves controlled through motor transitions. In these cases, it is likely

that the error signal of the highest system is sent not to motor regions but instead back
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up to cortical regions via thalamic projections, where it is used as a new reference signal
for other high-level controllers. In this way, the same mechanism used for motor
transitions may be used to generate complex hierarchical sequenced behaviors. This
arrangement would explain the apparent role of DA in modulating ‘motivation’
(Berridge, 2006), which is arguably just another way of describing the velocity of higher-

order behavioral transitions.

4.4.13. Conclusions

Given the known movement deficits following degeneration of DA neurons, it is
unsurprising that phasic DA activity is related to movement kinematics. What is
surprising is how long it took for this relationship to be uncovered. The failure of
previous studies to identify the role of DA in shaping movement kinematics could be
explained by the lack of continuous behavioral measurements in unrestrained animals
(Romo and Schultz, 1990).

There is a fundamental difference between our approach and that taken in most
previous studies. In traditional experimental designs, neural and behavioral data are
typically analyzed around a series of discrete time stamps that are meant to represent
specific task events as labeled by the experimenter, creating the impression that
behavior consists of a series of pulse-like events. Although this approach may provide

the appearance of rigor, it also leads the experimenter to ignore any behavior that is not
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described by task labels, which often reflect his own perception of the experimental
events and theoretical biases in the first place.

As shown in the present study, however, behavior is a continuous process and
must be analyzed as such. Although this may seem a daunting task, the underlying
relationships between neural activity and behavioral output may actually be quite

straightforward.
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5. General Discussion
5.1. Summary

5.1.1. Summary, Chapter 2

In this set of experiments, mice stood on a small covered perch which was
continuously tipped left and right along the roll plane while neural activity was recorded
wirelessly. During each recording session, mice were exposed to slow and fast speeds of
postural disturbance. Pressure pads were mounted in the left and right floor of the
perch to monitor mouse movement. In both dopamine and GABA neurons, we found
two basic patterns of neural activity; one class of cell increased firing with tip to the left
and decreased with tip to the right while the other class decreased firing with tip to the
left and increased with tip to right. This correlation between neural firing rate and
instantaneous postural disturbance is continuous and very high. The correlation is seen
for both slow and fast disturbances. The majority of cells recorded fell into one of these
two categories. Pressure pad readout, as expected, revealed paw forces on the left pad
to increase with tilt to the left and decrease with tilt to the right while the opposite
pattern was observed on the right pad.

These results show continuous and graded modulation of activity in the
substantia nigra during performance of an ongoing motor task. GABAergic outputs,
which are known to project to the PPN and tectum, in this case may function to
continually adjust the reference settings of these motor systems as a means of

defending neutral body position against continuous disturbance. Dopamine signaling in
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this case may reflect the continuous modulation of some internal property of BG
signaling involved in motor control, such as the output gain of a higher level control
system. Combined, these results move us beyond a simple ‘gate’ model of basal ganglia
function by suggesting that BG outputs, rather than monolithically disinhibiting
brainstem motor structures, instead coordinate behavior by continuously specifying

desired states of lower systems.

5.1.2. Summary, Chapter 3

In the previous set of experiments we demonstrated continuous and graded
modulation of substantia nigra activity by a postural control task. However, because we
did not record motor outputs in this study, the exact relationship between neural and
motor outputs remained an open question. The experiments in this chapter were
designed to address this question through use of continuous motion tracking of the
head in parallel with neural recording from the substantia nigra during a simple goal-
directed task. In this study, mice were water deprived and then positioned in the same
perch used during the previous set of experiments. However, in this study, the perch
was kept stationary and modified with the addition of a movable drinking spout. During
each session, mice performed a simple reward-guided task in which sucrose solution

was delivered in small quantities after the presentation a cue. The purpose of this task
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was to elicit voluntary head movements and to investigate the relationship between
these continuous movements and the activity of GABA output neurons in the SNr.

A typical reward-directed behavior involved the movement of the whole head
and body to collect the sucrose solution following its delivery. However, movements
during each individual trial were unique. For all movements, the majority of GABA cells
were found to either positively or negatively correlate with either x or y-axis head
position vector components. These correlations were very high, and not due to
averaging artifacts as trial-by-trial correlation between movement and neural activity
can be clearly observed. These correlations were also independent of the presence of a
reward.

These data show for the first time a continuous and quantitative relationship
between basal ganglia output and body posture. One attractive possibility is that these
signals represent reference signals sent to downstream postural and orientation
controllers. In this case a baseline level of GABA activity would represent neutral
reference position, and changes in activity above and below this level represent
increased or decreased reference positions. Thus, during free behavior it is a transition
in GABA output from baseline that constitutes a movement while the signal itself
specifies a position. This model represents an important revision of classical models of
BG function, according to which output signals are thought to discretely release the

initiation of a monolithic action.
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5.1.3. Summary, Chapter 4

In the set of experiments outlined in chapter 3 we demonstrated a continuous
and quantitative relationship between the activity of individual GABA neurons and the x
or y-axis position of the head. However, the relationship between SNc dopamine activity
and head movement during the performance of the same task was not analyzed. The set
of experiments in chapter 4 were designed to address this by investigating the
correlation between DA activity and kinematic properties of head movement during the
same task.

Analyses of behavioral data show that animals produce movements at the onset
of the cue and also at reward delivery. Dopamine-classified cells show phasic firing or
pausing at the onset of each of these movements. When compared to head movement
kinematics, these patterns of neural activity correlate highly with different vector
components of head acceleration and velocity; up, down, left and right. Importantly,
these correlations are continuous and exist throughout the entire recording session.
These correlations are also independent of the presence of reward.

We also employed optogenetics to stimulate SNc DA neurons expressing
channelrhodopsin 2 (Chr2) while head movements were recorded and quantified. We
found that stimulation of ChR2-expressing animals could elicit head movement while
stimulation of control animals had no effect. Combined, these data suggest the
interesting possibility that dopamine is responsible for controlling the velocity of

transitions between different body postures.
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5.2. The role of BG in behavior

Combined, the results of the studies described in the previous three chapters
support a new model for the function of the BG in coordinating motor behavior (Yin,
2014; Powers, 1973). According to this model, the SNr does not inhibit or disinhibit
motor functions or ‘actions’, but instead continuously specifies reference settings for
lower control systems, such as desired body configuration or orientation along a
particular axis. Dopamine neurons in the SNc, on the other hand, are thought to be
responsible not for reinforcing ‘actions’ or controlling ‘vigor’ as traditionally believed,

but for modulating the gain of transitions between different reference states.

5.3. Control of sensory input

Before the model described here—or the role in it of BG outputs--can be fully
understood, it is necessary to first highlight a key principle so ubiquitous that it is often
invisible: negative feedback control in behavior. Take the example of an animal that has
been trained to walk in a ‘figure 8’ pattern; while the observer sees a consistent pattern
from trial to trial, it is actually brought about by a constantly changing set of motor
outputs, which may change even more dramatically if the walking platform is tipped
(Powers, 1973; Powers, 1989; Yin, 2013). The key feature of behavior in this case, as is
the case in all motor behavior (Bernstein, 1967), is that variable acts produce consistent

results. Another way to state this is that in a continuously changing environment, the
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outputs of the animal vary in precisely the manner required to defend certain
perceptual variables against change; a mouse standing on a tipping platform will extend
its limbs as needed to keep its body upright, while a thirsty mouse will move its head
from any starting position in exactly the pattern required to bring it close to a drinking
spout.

When the outputs of a system have the effect of continuously holding a sensed
variable constant against environmental change, then that system is by definition
exhibiting negative feedback control (Powers, 1973). Negative feedback control is the
only known mechanism capable of reliably producing this effect. As mentioned in a
previous chapter, negative feedback control was first discovered in the 1930s and used
by engineers to design systems to replace human operators. The engineers had thus, by
definition, created a working model of human behavior as surely as if they had set out
to do exactly that (Powers, 1992). Originally popularized by Norbert Weiner and his
Cybernetics, the analysis of negative feedback in behavior has, however, been
handicapped by a small number of key errors in its original description which have
limited its usefulness (Barter et al., 2015b; Powers, 1992; Yin, 2013). When viewed
correctly, negative feedback is an extremely elegant principle that can account for the

majority of animal behavior.
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5.3.1. Motor control as control of sensory input

Motor control by lower levels in the nervous system, such as control of
locomotion and posture by brainstem and spinal systems, is thought to be relatively
straightforward and to depend on local network dynamics (Grillner et al., 2008).
However, at higher levels involving complex sensory goals, such as target reaching,
motor control is thought to represent the solution to a significantly more difficult set of
problems; namely the problems involved in calculating the patterns of muscle output
that will be required to achieve a sensory goal state (Franklin and Wolpert, 2011;
Krakauer et al., 1999; Shadmaher et al., 2010; Shadmeher and Krakauer, 2008).

To be able to accurately perform these calculations, the brain must have
extensive knowledge of the masses of various body parts, spring constants and
properties of muscle contraction, variations in mechanical advantage with changes in
joint angle, and physical properties of external objects, among other things (Yin, 2013).
These measures must then be applied to an internal physical model of the body and
world used to compute a required movement backwards from the goal state while also
taking into account the effects changing environmental conditions. This is an extremely
difficult computational problem which is made even more so by imperfect sensors,
nonstationarity of muscle properties over time, a high level of redundancy in effectors,
and a constant high level of uncertainty of environmental conditions (Franklin and
Wolpart, 2011). The difficulty of this problem has led researchers to propose a number

of computationally intense mechanisms by which the brain may solve it, including
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Bayesian decision theory, optimal feedback control and predictive control (Franklin and
Wolpart, 2011). However, there is little information on how the brain may actually carry
out these computations.

Alternately, when motor control is viewed as the control of sensory input, then
feedforward calculation of inverse kinematics is no longer required (Powers, 1992; Yin,
2013); Instead the motor system operates as a hierarchical cascade control system with
spinal circuits controlling muscle length and tension, brainstem circuits controlling
orienting and highly patterned sequences of movement such as locomotion, and basal
ganglia circuits controlling transitions in the states of brainstem and motor systems for
the sake of accomplishing still higher perceptual goal states defined by cortical and

thalamic circuits.

5.3.2. Goal directed behavior as control of sensory input

It is currently common practice to equate a behavioral goal with a ‘reward’ or a
‘reinforcer’ (Shultz, 2015; Howe et el., 2013; Steinberg et al., 2013; Atallah et al., 2014).
From this perspective, the probability of certain actions in response to certain patterns
of sensory input is altered through exposure to reinforcing events in such a way as to
maximize net reward over time (Schultz, 2015; Glimcher, 2011; Keramati & Gutkin,
2011). However, the exact nature of the ‘actions’ being reinforced is rarely clearly

defined—and when it is, as in the more rigorous computational models (Hong and
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Hikosaka, 2011), it is defined as a pattern of motor output. Although this framework
succeeds in accounting for certain properties of behavior in highly controlled laboratory
environments, it fails as soon as the motor requirements change; according to this
perspective a mouse that has learned to press a lever in an operant chamber should fail
dramatically if the lever is moved to a different position on the wall, or if the cage is
slightly tipped. Obviously, this is not the case.

When behavior is viewed as the control of sensory input, on the other hand, the
high variability of motor output and the adaptability of behavior are no longer puzzling.
According to this perspective, a goal is just another term for a reference signal in a
control system. The only difference between reference signals controlling low-level
motor variables and those that would commonly be considered ‘goals’, is that goals
tend to correspond to hierarchically higher controlled variables which are easily
observed, such as proximity to food. Computationally, all reference signals are used in
the exact same way regardless of their position in the hierarchy (Powers, 1973).

For example, if it is the goal of a mouse to obtain a food pellet, then the control
system for that behavior can be described as some form of food proximity control,
where the reference signal for proximity is close to zero. However food proximity is
represented perceptually—visual size of food, whisker detection of food—the system
will continuously compare its incoming perceptual signal to its reference state for that
perception, and the difference between these two values will drive error-correcting

behavioral systems, such as locomotion and orientation towards the food target. Unlike
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‘action selection’ models of behavior, perceptual control systems continue to work in
the face of unpredictable environmental change. As long as locomotion towards a target
reliably brings the target closer, then such a target proximity control system will work
regardless of the terrain, the starting positions of the mouse or food, or even if the food

is actively moving.

5.4. Model of the motor control hierarchy

As discussed in previous chapters, the experimental data presented here support
a model of BG function in which the SNr is responsible for setting the reference states of
lower control systems, and in which SNc dopamine neurons are responsible for
modulating the gain of striatal output, which is itself integrated to generate SNr output
as a means of smoothly transitioning the reference states of lower systems (Barter et
al., 2015b; Yin, 2014b). However, in order for these proposed functions to make
complete sense, it is necessary to explain them in their full context. We will thus use the
following section to sketch a complete outline of the model control hierarchy, starting at
the bottom and working our way up level by level. Although it is important to stress that
this is an early-stage and incomplete model of the motor system that will likely require
revision in the future, it equally important to stress that this is a true model in the
tradition of physics; operating strictly by its own rules and without any direct reference

the real world, this model is capable of generating behavior (Powers, 1992).
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5.4.1. Muscle force control

The lowest level of control in this model is muscle force control (Figure 23D; Yin,
2014b; Powers, 1973). This level is traditionally referred to as the ‘tendon reflex’. The
circuits at this level receive inputs from type 1b fibers located in the golgi tendon organ,
which represent increasing tendon force with increasing firing rate (Nicholls et al.,
1992). These signals terminate on inhibitory 1b interneurons, which connect directly to
alpha motor neurons (Nicholls et al., 1992). Alpha motor neurons make direct muscle
contact and are responsible for muscle contraction. Thus, when a muscle contracts
above a threshold the type 1b output increases, which feeds back to decrease the
output of alpha motor neurons and thus muscle contraction. When the same muscle
relaxes below a threshold, feedback works in the opposite direction to increase
contraction. While this form of negative feedback has long been recognized as
important in adapting muscle contraction to changing loads and in preventing muscles
from producing dangerous levels of force, its exact computational role in movement has
remained disputed (Mann, 1981).

According to the model presented here, this circuit operates as a negative
feedback perceptual control system in which the circuit continuously senses force and
continuously adjusts muscle output through alpha motoneurons to maintain force at a

reference level specified by descending inputs. The importance of having force as the
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lowest level of a control hierarchy is at least twofold; first, if force control is normalized
to occur within a safe range then it is protective. Second; it is highly energetically
efficient since force will only be applied as much as is required to achieve a desired

muscle length and no more.

5.4.2. Muscle length control

The second level of control in our model is muscle length control (Figure 23C;
Yin, 2014b; Powers, 1973). Muscle length is controlled through a combination of stretch
velocity and position sensors located in muscle spindles. Length velocity is perceived by
type 1a sensory fibers. These fibers represent velocity of stretch, and synapse directly
onto the dendrites of motor neurons. Length position is perceived by type 2 sensory
fibers, which are also located in the spindle, but they are non-adapting and thus
represent muscle length directly. Both type 1a and type 2 fibers are excitatory and
terminate on alpha motor neurons. Because the spindle itself contains muscle fibers
which can be controlled through descending spinal influences, the sensitivity of 1a and 2
fibers can be adjusted by contracting these muscles and consequently adjusting the
mechanical properties of the spindle (Mann, 1981; Nicholls et al., 1992). In this way, by
contacting the spindle to different degrees, the outputs of the spindle fibers at different

muscle lengths can be made similar.
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Because they receive both inhibitory inputs from force sensors and excitatory
inputs from length sensors, alpha motor neurons can be viewed as the comparator in a
negative feedback system in which force is the controlled variable, and in which muscle
length error specifies the reference force (Powers, 1973). According to this perspective,
the difference (force error) between length input (reference signal) and force input
(perceptual signal) is directly responsible for muscle contraction. If muscle force input
becomes greater than muscle length input, then there will be decreased contraction
until the two signals match. Likewise, if outputs of the spindle fiber increase or decrease
because the muscle length increased or decreased at a given spindle sensitivity (length
error), then the muscle will contract or relax, respectively, until the perceived force
matches reference force issued by the spindle fiber. In this way, muscle length can be
controlled through muscle force in a two-level control hierarchy. The reference signal
for muscle length can be altered by adjusting the sensitivity of the spindle, which is
accomplished by gamma motor neurons (Mann, 1981).

Interestingly, by combining type 1a and type 2 perceptions the control system
becomes a variation of a ‘PD controller’ in which the output of the controller is a
function not only of the position of the sensed signal, but a combination of the position
and the derivative of that signal. When position and velocity signals are combined to
influence controller output, you have a system that responds more quickly to

disturbances than a simple proportional control system but still retains a high degree of
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stability. PD controllers are known in engineering to have performance gains over

simple proportional controllers (Boyd and Barret, 1991).

5.4.3. Body configuration control

The third level of control in our model is body configuration control (Figure 23B;
Yin, 2014b). The circuits at this level are traditionally referred to as being responsible for
reciprocal inhibition, central pattern generation, and various postural and joint reflexes.
Body configuration is also likely controlled by motor cortical effects on brainstem and
spinal networks via the pyramidal tract. In its simplest form, configuration can be
perceived as the difference between extensor and flexor group muscle lengths for a
given axis of joint movement, and controlled by sending errors as appropriately-scaled
length reference signals of opposite signs to muscles across a joint. For example, in the
knee joint the configuration may be perceived as the average difference between the
anterior and posterior thigh muscles. If this joint is perceived to be too flexed then the
joint angle error will be split and transformed into two sets of muscle length reference
signal changes; the length reference signals of the anterior muscles will be decreased
while those of the posterior muscles will be increased in the correct proportions to
allow for geometrical cooperation between them, given the relative angles, points of

attachment and mechanical properties of the muscles involved.
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In a complex joint having more than one axis, such as the shoulder or spine, the
same muscle groups can participate simultaneously in multiple joints. For example, the
muscles of the trunk perform both dorsal and lateral bend angle control; dorsal bending
is controlled as the difference between abdominal and back muscles, while lateral
bending is controlled as the difference between the left and right muscles of the entire
trunk. In this way, a group of left abdominal muscles may participate simultaneously in
both dorsal and lateral bend control as it integrates error signals from both controllers.
It is also likely the case that groups of muscles are combined through a similar process
to generate even more complex postural variables incorporating multiple joints, such as
‘limb extension/retraction’ seen in the spinal flexor reflex (Mann, 1981), or the hip sway
seen during postural control (Massion, 1994).

Reference signals for body configuration controllers are hypothesized to
descend, in large part, from reticulospinal cells in the brainstem and terminate on
specialized reciprocally innervating circuits in the spinal cord, such as the burst
generators that comprise CPGs (Grillner and Wallen, 2002). These reticulospinal cells are
in turn commanded and further patterned by hierarchically higher body configuration
controllers in the brainstem and midbrain including PPN, MLR and tectum. Body
configurations are also likely controlled at multiple levels by direct motor cortical

influences on spinal and brainstem circuits via the pyramidal motor system.

164



5.4.4. Transition control

The fourth level of control in our model is the level of transition control (Figure
23A; Yin, 2014b). This level is traditionally described in terms of ‘action selection’ or
‘goal directedness’, and is responsible for continuously adjusting the reference levels of
downstream controllers as a means of reducing still higher errors. According to the
current model, transition control is the primary function of the basal ganglia, which
receive higher reference signals from cortical and thalamic inputs and send errors as
moving reference signals from SNr neurons to midbrain and brainstem motor regions.
As outlined in previous chapters, the basal ganglia are thought to accomplish transition
control by converting inputs to the striatum from higher systems into a set of ‘direction’
or velocity error signals which are sent to SNr, where they are continuously integrated
to determine SNr firing rate and thus reference signal position for specific lower systems
capable of reducing the higher error. DA neurons in the SNc are hypothesized to be
responsible for modulating the velocity of these transitions by continuously adjusting
the gain of striatal output signals if SNr position signals change too quickly or too slowly-
-much like adjusting the knob on a faucet to control the speed of water-level change in a
sink.

The importance of the transition system is in being able to convert a monolithic
error signal, such as the perceived x-axis visual proximity of head to food, into a
dynamically controlled set of body movements capable of reducing that error to zero. In

principle the transition system can perform this process in parallel for a large number of
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higher control systems as long as their outputs do not cancel one another. For example,
it should be possible to control, in parallel, x,y, and z-axis visual proximity of head to

food simply by adding those errors together in the striatum.

5.4.5. Control of higher sensory variables

The fifth level of control in our model is the level at which perceptions from
other sensory modalities, such as visual or auditory, are controlled by sending errors to
the transition control system in the BG. The variables that can be controlled at this level
can be as complex as an animal’s ability to perceive them, as long as it is physically
possible to control those variables through transitions in body postures. For example, a
mouse might use this level of control to regulate visual or olfactory proximity to a food
cup, while a high-ranking monkey might use it to regulate the social posture of one of
his subordinates. In both of these cases, a relatively elaborate sensory variable is
controlled by converting errors into a motor transition; the mouse might reduce
proximity error by moving his head in the appropriate direction, while the monkey
might control the social signaling of a conspecific by producing an aggressive movement
or facial expression. Perceptions and errors at this level of control are likely generated
by cortical and thalamic sensory systems, which can represent a wide array of abstract
sensory variables and thus report their presence (no error) or absence (error) to striatal

regions.
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Although certain perceptions can be controlled through a single transition step,
certain other perceptions can only be controlled through a sequence of transitions, each
with its own controlled sensory variable. To control the perception of ‘food pellet
delivery’, for example, a mouse on an FR1 schedule must perform a sequence of at least
2 steps in order to control for food delivery: 1) close body proximity to operant lever, 2)
‘lever click’ sound. Depending on the operant task, such a sequence can easily grow to
involve a large nested hierarchy of steps, such as if the animal is required to achieve a
fixed number of light blinks in order for a single pellet to be delivered, and if achieving
single light blink requires a fixed number of alternating left-right lever presses. As the
size and sophistication of the required sequence control hierarchy grows, an animal’s
continued ability to successfully control the highest variable is said to be its intelligence.

Given the hierarchical nature of thalamic loops from BG to cortex (Alexander et
al., 1986), one attractive possibility is that such sequences are assembled by connecting
the output of one loop to the input of another loop via thalamic projections. In this way,
rather than commanding a motor reference by projecting to the brainstem, the BG
could command a perceptual reference by projecting to another cortical system. For
example, if a mouse is required to press a lever in order for a food pellet to be delivered,
then the ‘food-pellet control’ system will only work if its error signals are sent to the
‘lever click control’ system via thalamic projections. The ‘lever click’ control systems,

however, can be controlled through motor transitions.
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5.4.6. Learning

When a mouse learns to press a lever for food, the majority of the motor
functions involved are innate and common to all mice; locomotion, orienting, and
postural control are sufficient to reliably bring the mouse close to the lever from any
starting point and across almost any terrain, and rearing is sufficient to depress a lever.
The main difficulties in acquiring this behavior are in learning the perceptual goals
involved, and in learning the proper sequence in which to control them. According to
the model presented here, learning is thought to depend on a process of random
variation and selective retention, in which system parameters change randomly in
response to increasing or constant error, but hold their trajectory of change in response
to decreasing error (Powers, 2008). This type of learning is likely proportionate to the
degree of failure in an active control system.

For example, a mouse first learning to press a lever for food may randomly
approach different perceptual targets and produce different postural transitions until a
food pellet happens to be delivered, at which point its behavior will become less
random. Underlying this behavior is a ‘food control’ system which is failing and thus
shuffling the components and settings of its output function as a means of establishing
control. If error is reduced in this reorganizing system—a food pellet is delivered--then
this shuffling will slow as a means of preserving elements of a working output function.
However, if the error fails to be reduced or increases then this shuffling is expected to

speed up as a means of dismantling a failed output function and exploring new
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configurations. Over time, as successes slow the reorganization and failures speed it up,
this process is expected to converge on a working output function capable of reliably
and quickly reducing errors, thus slowing reorganization to the point that it becomes
negligible. The aim of learning in this model is thus to achieve performance in a closed
loop control system, rather than to maximize ‘rewards’ in an open loop behavioral
system as is commonly assumed to form the basis of learning (Todorov and Jordan,
2002; McClure et al.,2003 ). Very similar algorithms are widely and successfully used in

machine learning and to train neural networks (Finkel et al., 2008).

5.5. The role of SN in behavior

As with any system-component, the function of the SN can only be explained
with respect to the function of the system as a whole. According to the model presented
here, the function of the motor system is to control a hierarchy of perceptual variables,
with muscle force at the lowest level of controlled variable and complex sensory goal
states at the highest level. Within this hierarchy, the BG is proposed to function as a
system for continuously orchestrating the reference signals of lower control systems as
a means of controlling still higher perceptual variables. Within the BG, the function of
the SNr is proposed be directly responsible for specifying the reference states of lower
systems, while SNc DA neurons are proposed to be responsible for modulating the gain

of transition control and thus the velocity of SNr output signals.
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The continuous correlations between postural disturbance and neural activity in
the SN shown in chapter 2, and the continuous correlations between head position and
BG output demonstrated in chapter 3 stand in strong support this model system. Such
results cannot be explained by classical accounts of BG function, which assume that BG
outputs act as a gate for action selection (Hikosaka et al., 2000; Grillner et al., 2013).
Critically, classical accounts of BG function also fail in explaining the continuous,
dynamic and adaptive nature of free animal behavior, whereas the model presented
here succeeds in a number of important ways.

The continuous correlations between DA activity and motor outputs shown in
chapter 4 also stand in support of the model outlined above. Classical accounts DA
function in scaling ‘vigor’ (Niv et al., 2007) or ‘wanting’ (Berridge, 2006), on the other
hand, do not constitute working models in that they do not explain how behavior is
actually generated; these are simply verbal descriptions and cannot be formally tested.
Classical accounts of the role of DA in reinforcement learning, while testable, fail badly
in accounting for the simple variability and adaptability of animal behavior. All such
accounts are also based on data gathered from experimental tasks that neglected to
measure motor output during task performance, which as we have seen is an important

confounding variable.
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5.6. Limitations and future directions

The neural and behavioral findings presented here shed important new light on
the role of the BG in generating behavior, and on the functions of the nervous system in
general. However, the experiments used to generate these findings were improvised
and employed relatively crude methods compared with what will be possible in the
future. For example, commercially available 3D motion capture systems can be used to
precisely measure whole-body kinematic outputs at over 200HZ, allowing us to
investigate and possibly define the exact set of body controllers used in a mouse. These
behavioral measurement systems could also be used in real-time in combination with
various motorized behavioral tasks to ‘clamp’ aspects of behavior, such as body
postures or target proximities, by setting them as controlled variables by an external
high-gain control system. In much the same way that the voltage clamp was used by
physiologists to investigate voltage-dependent membrane properties that would have
otherwise been obscured by the closed-loop nature of the system (Hodgkin and Huxley,
1952), such ‘behavioral clamps’ are expected to allow for the investigation of nervous
system properties that are typically obscured by the closed-loop nature of behavior.

A major open question regarding the function of SN outputs in behavior is the
destination of the recorded signals. While it is reasonable to speculate that SNr GABA
neurons control head position largely through projections to brainstem and midbrain
motor regions, it is also likely that these movements are influenced in important ways

by motor cortex via thalamic projections. Likewise, the exact striatal targets of DA
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neurons, and their relationship to different categories of SNr GABA neurons remains
unknown. Future experiments must therefore be designed to address the functional
connectivity of SN neurons during a variety of different behaviors requiring the
contribution of different motor systems.

Finally, the model of the BG and the motor hierarchy presented here is unique in
that it represents the rough sketch of a system that can be built and tested against
experimental observations. In the same way the behavior of a model in physics
(force=mass x acceleration, for example) can be compared with the behavior of physical
reality, the behavior of this model, once assembled, can be compared to that of the
nervous system and animal. In both cases, the comparison is necessary to test the
model so that it can be revised and made more accurate over time. A testable version of
the model proposed here will help to guide and interpret future empirical research,
which will in turn provide observations against which to test and refine the model.
Although it is impossible to predict how long this process will take, or the exact set of
experiments or model-revisions that will be required, a complete and refined working

model of this kind is one of the ultimate goals of neuroscience.
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